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SESSION  1  -  "GENERAL  PURPOSE  ELECTROMAGNETIC  CODES 
Chairman:  Conatantlna  Balanl* 


«#i‘AKise#  or  antenna  anm  seATTHtiWJ  nrm  my  m  necanm  esi*  «*♦$ 


I'-fp.H  Mt»«,  Con* tout  I  M>  A.  MoIooIk 
ftepertaent  u(  KJecirleal  and  Computer  Englncerll* 
Arixew*  State  PnlverKlty 
Y«*pe,  AHxono  MV,i7 


awnac* 


In  tMx  pairs',  a  eoaparlKnn  of  the  field  ceapototlnnK  with  two  »r  the 
ae*»  wittily  o»ed  eeapuiatlnnal  ftleutroaoguet  itt  cnCea,  the  aKer»frlei>«.y 
Nuaerlra)  Klafitreawgoetle  Code  (NEC)(I),  *od  another 
eoapater  code  the  KJeciroaagneile  Surface  Patch  cod*  (the  KM'  eodcJH)  haa 
been  undertaken.  The  radiation  pattern*  of  antenna*  mounted  on  a  ar.aled 
aw  tel  helicopter  aad  the  mmhuiIb  Nadar  Cre*a  Section  ( NCN )  of  a 
NG 'degree  dihedral  cornet*  reflee.ter  have  been  computed  the  the  two  eode*. 
Neaaorcaenla  of  the  anno*  talk  NCS  pattern*  have  been  performed  In  the 
Arlxono  State  CnlveraJty'*  ehaaher.  My  co*pari*on  with  the 

experimental  data,  the  performance  of  the  electromagnetic  cod**  <-»„  be 
evaluated. 

1.  IJCTNOWCTN# 

Innovation*  In  oodwrn  digital  computer*  have  made  enwi.vitat  Jonal 
electromagnetic*  n  wre  Important  tool  in  auJvJng  electromagnetic  pruhlro* 
Involving  realixtle  eoaplex  »tm:lure*{:il.  The  uaer-frlemlly  nature  of 
lb*;  SKC  ana  ESP  cad*  ha*  increaawl  the  availability  of  numerical  *uluiJon* 
to  electromagnetic  problem*  Involving  complex  xtractiiren.  Since  the  two 
cod**  arc  ba*e«l  ea  two  different  Integral  equal  I  on* (the  lino  integral 
equation  for  the  SHU  owl  On*  anrfnee  integral  equation  for  l ho  ESP  code), 
n  cnmprehcnaJve  cnapar]*nii  of  the  performance  or  the  two  code*  will  hr 
valuable  to  the  uaer*. 

Modlotlun  awl  aealterlng  pattern*  hove  been  computed  with  the  code*. 
The  ESP  cod, i  Ik  wore  nulled  to  thlx  type  of  aodcling  bueauae  the  two 
Ktrueturex  analyxed  ore  anally  compound  of  polygonal  xurfoc«a|S].  A 
wire-grid  model  Ik  Introduced  to  mod*)  the  nurface*  when  NEC  Ik  u*ed(C). 
Since  the  rexulto  of  the  wire 'grid  aodel  ore  xenxltlve  to  the  wire  radio*, 
the  opprooch  of  on  equal  Kurfoee  oreo  with  the  rule  of  thuab)2)  Ik  adopted 
to  deteralne  the  radlux  of  the  wiroa  to  aodel  the  aurfdee*.  One 
reatrlctlou  of  the  ESP  code  la  that,  all  aurfaceo  ore  aaxuaed  to  be  of  xero 
thlehneaK.  Kor  thoae  wire  Ktrueturex  bealdea  the  xurfoceR.  the  KSP  code 
requlrex  that  all  thoae  wire*  be  of  the  xoae  radlua. 

To  perfora  the  coaputatlonv,  an  autoaated  coaputur  proyraa  haa  been 
developed  to  xenerate  the  Input  data  for  both  the  NEC  and  the  ESP  code. 
The  proyraa  la  baaed  uu  a  quadrilateral  wire •trldlne  method  the  nutbora 
dtiveloped  tu  aodel  the  eneluaed  aurface.  Such  a  dutu  xeneralii^  prograM 
lx  convenient  In  the  node) lug  of  complex  alrunturex.  Purtheraore,  the 
quadrilateral  wlre-grlding  method  cun  be  a  very  general  method  in  the 
aodel Ing  uf  eoaplex  structurea. 
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li.  IWAKISt#  «F  NAttlATMW  FATTF.NM 


Figure  I  *how*  the  gentry  of  the  sealed  motie)  helicopter  along  with 
tin*  Mire  antenna  while  Figure  2  display*  the  coordinate  system  «f  the 
made).  For  the  SEC,  the  maximum  segment  slxe  in  chosen  to  he  O.tlS  X  at  an 
operating  frequency  of  M.B  XNx.  Thin  segment  nine  generate*  «2tt  segment* 
fur  the  helicopter.  IK  segment*  fur  the  rotor  and  blade*,  awl  11  segments 
fnt*  the  Mire  antenna.  The  excitation  in  a  one'Voit  source  red  in  the 
•Iddie  of  the  mil  Mire  antenna.  Fur  the  ESP  code,  the  maximum  patch  slxe 
in  net.  at  0.1173  X,  and  It  result*  in  ITS  sinusoidal  surface  patch  mode* 
and  8T  sinusoidal  wJrc  mode*  fee  the.  rotor,  hinde*.  and  the  wire  antenna 
(I.*.,  2X  segments:  ihe  same  a*  in  the  SEC),  The  roll  *  yaw,  «ml  pitch 
pattern*  of  the  helicopter  antenna  nre  shown  in  Figure*  3.  4.  and  5, 
respectively.  The  roil  pattern  in  the  radiation  pattern  in  the  elevation 
place  where  ♦*&•,  0*  <  9  <  igu*,  nod  ♦*)•&*.  0*  $  0  $  IIS*.  The  yaw 
pattern  In  the  aximuth  radiation  pattern  Mhere  tr  <  #  t  3W*.  The 
pilch  pattern  in  another  elevation  radiation  potlern  Mhere  ♦*27t»*, 
«*<()<  Ihtf*,  and  f»#U*  0*  &  0  *  ih«*.  The  pattern*  have  been  wtrnalixed 
in  0  oh  relative  to  the  maximum  value  of  toe  ooxt  intense  component, 
notice  that  the  K+  component  in  the  pitch  pattern  computed  union  both 

code*  In  far  beioM  >40  dh.  and  therefore  it  eao  net  been  neen  in  Figure  9. 
The  renuitn  obtained  fro*  the  too  code*  agree  exirenely  Me))  in  m»m 
area*.  However,  divergence  of  the  re*ult*  for  certain  field  pattern* 
occur*.  For  example,  the  Kg  pattern*  in  the  yaw  pattern  (Figure  4)  and  in 

lh«  pitch  pattern  (Figure  3)  dinagree.  Unfortunately,  oeanureoentn  for 
tbene  pattern*  are  not  avalSahie  at  thlx  line  to  »h«M  which  code  give* 
better  re*ultn.  Since  the  ESP  code  give*  the  Moiutioo*  to  the  actual 
Kolid  nurfacu  ntruoture,  the  po»*ihle  reason  for  the  disagreement*  may  be 
that  the  wire-grid  node)  doe*  not  epresent  very  well  nurfacc*  with  wedge* 
that  are  electrical )y  clone.  Thin  Mil)  produce  error*  in  region*  where  Kg 

I*  primarily  a  rnvult  of  surface  reflection*  and  wedge  diffraction*. 

Other  antenna  pattern*  for  antenna*  Mounted  in  other  locution*  ha* 
a  I  mo  been  computed,  y»r  they  are  not  nhown  hern  because  of  apace 
iiaitalion*.  The  pattern*  in  Fignre  3,  4,  and  3  are  coaputed  when  the 
blade*  are  aligned  with  the  x  and  y  axe*.  Pattern*  For  dirrerrnl  blade 
ponillon*  have  a)*o  been  computed  to  *how  the  effect  of  the  blade  relation 
on  the  antenna  pattern*.  Kfflclcncy  of  the  two  code*  ha*  also  been 
exeat nod. 

IU.  CONPAKISON  OF  SCATTEKIJW  rATTEKNS 

Figure  6  shows  the  geometry  and  the  coordinate  *y*lem  of  a  VO -degree 
dihedral  corner  rafiectur.  7>e  maximum  aegaent  *ixc*  are  choaen  a*  O.liriX 
ana'  Q.iX  for  the  ESP  cede  and  the  NKC,  reapcrUveiy.  With  such  a  augment 
aixe,  the  automated  program  generate*  1072  wire -grid  augment*  for  the  SEC, 
while  the  ESI*  generate*  742  surface  patch  mode*  for  both 
polarixat)ou*(verllca]  and  horixontai).  Thu  F.SP  i*  more  suitable  fur 
computing  scattering  pattern*  while  the  SF.C  1*  configured  to  compute  ton 
blatatio  PCS  only.  Howcvur,  the  NEC  ha*  been  modified  to  compute  the 
monostotic  KCS  »o  th*t  ll  c»n  be  compared  with  the  ESP  code  aa  well  ci» 
with  the  measurements.  Figures  7  and  #  ahbw  the  eoupnrlsons  of  the 


2 


aonoxutlu  Xcs  of  th«  cornet-  refl«6l«r  fur  both  the  vertical  end  the 
horizontal  polarlxuliim*.  the  NEC  agree*  bettor  with  the  experiaenta) 
data  bccau*e  the  wire-grid  aodel  with  finite  rndlu*  repr*)*enl*  worn 
accurately  lh«  alruuturn  of  the  object (the  aetalllu  piatea  fur  the  corner 
reflector  hove  a  thicken**  of  0,82m  while  the  dlaaeter  of  the  wire  in  the 
wlrrt-grJd  node]  S*  Q,833m)  which  the  aea*urmtint*  err  perfumed.  The  KSI* 
code  give*  excel  tent  reauMa  except  in  the  nrre  where  poaalbly  the 
thickne**  of  the  corner  reflector  My  pixy  »n  lxporinnt  role  to  the  KCS. 


conclusions 

Cnaparlann*  of  the  field  computation*  by  the  u*e  of  the  NEC  nnd  the 
ESP  code  *how  thxt  although  the  KKO  1*  developed  free  x  line  integral 
formulation.  it  ell II  work*  very  wvll  in  aoduling  the  eurfece  with  certxJn 
type*  of  wJre  nrld  technique*.  H  ie  even  wore  ucr.urwte  end  efflelent 
when  it  ie  uxed  to  node!  electrleeily  anal)  venturing  objecte.  The  ESP 
code  perfume  extrewely  well  for  »olld  flat  eurfxcee,  except  poxxlbly  in 
region*  where  the  thleknexx  My  pley  en  Japortanl  role. 
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Figure  1.  The  sciled  model  of  the  helicopter. 
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Figure  2.  Coordinate  system  for  the  helicopter  model. 
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Figure  3.  Comparison  of  roll  piano  radiation  patterns  (or  the  helicopter 
antenna  using  the  NEC  and  the  ESP  code.  Frequency  »  60  MHz. 
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Fi(ure  4.  Comparleon  of  yaw  plane  radiation  pattern*  for  the  helicopter 
antenna  using  the  NEC  and  the  ESP  code.  Frequency  ■ 


60  MHz. 
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Electromagnetic  Design  Codes  Maintained  on  the 
MFE  Network  by  the  LAACG* 


T.  C.  Burt*,  K.  C.  D.  Chan,  R.  K.  Coo  par,  and  M.  J.  Browman 
Lo*  Alamo*  National  Laboratory 
Lo*  Alamo*,  NM  87545 

Abstract 

Tlte  Lo*  Alamo*  Accelerator  Code  Group  (LAACG)  maintain*  the  two-  and  three- 
dimcnwonal  (2-D,  3-D)  MAFIA1  code*  and  the  POISSON/SUPERFISH  code*  at  the  Na- 
tional  Magnetic  Fusion  Energy  Computer  Center  (NMFECC).  These  codes,  principally 
electromagnetic  field  solver*,  arc  used  for  the  analyni*  and  design  of  electromagnetic  com¬ 
ponent*.  c.g.,  magnet*,  radio- frequency  (rf)  utructures,  pickup*,  etc.  We  will  give  a  brief 
description  of  all  the  code*  and  explain  how  they  may  be  accessed  via  the  Magnetic  Fusion 
Energy  Network  (MFENET). 


INTRODUCTION 

Two  set*  of  code*  useful  for  the  computer-aided  analysis  and  design  of  2-D  and  3-D 
electromagnetic  structure*  are  installed  at  the  NMFECC.  The  2-D  MAFIA  code*  in  cylin¬ 
drical  and  cartesian  coordinate*  and  tlte  3-D  MAFIA  code*  in  cartesian  coordinates,  writ¬ 
ten  by  Thomas  Weiland  and  coworker*  of  the  Dcutsclic*  Elcklroncn-Syndirotron  (DESY), 
constitute  the  first  group.  Tlie  2-D  POISSON/SUPERFISH  group  for  cartesian  and  cylin¬ 
drical  coordinate*  is  tlie  second  installed  group.  Klaus  Halbach  of  Lawrence  Berkeley  Lal>- 
oratory  (LBL)  developed  the  tlieory  and  Ronald  Holsingcr  working  at  LBL  and  Lo*  Alamos 
National  Laboratory  (LANL)  did  tlie  programming  for  the  P01SS0N/SUPERFISH 

*  k’MFECC  provide*  large-scale  computational  support  to  Use  magnetic  fusion  energy 
community  and  the  larger  energy  research  community.  There  are  four  CRAYs  available 
for  user*  at  NMFECC  (located  at  Lawrence  Livermore  National  Laboratory). 

Guidelines  are  given  below  for  obtaining  a  computer  accouul  at  NMFECC;  for  ob¬ 
taining  documentation;  for  accessing  source  codes,  executable  codes,  and  test  problems; 
for  compiling  and  executing  the  run-time  modules. 

Example*  Using  MAFIA  and  POISSON/SUPERFISH  Code* 

A  representative  use  of  the  MAFIA  codes  is  a  study1  to  minimize  the  power  loss 
density  in  the  four-rod  radio  frequency  quadrupolc  (RFQ)  sliown  in  Fig.  1. 

Figure  2  is  a  plot  of  the  MAFIA  model.  Only  two  cells  arc  modeled  because  the 
structure  is  periodic. 

The  resonant  frequency  of  398.9  MHz  calculated  by  MAFIA  is  within  2.1%  of  the 
measured  value,  407.5  MHz.  Figure  3  is  a  plot  of  the  magnetic  fields  in  the  rod  region  just 
in  front  of  the  middle  metal  plate.  The  arrows  show  the  amplitude  and  direction  of  tlie 
magnetic  field  in  the  plane  of  tlte  plot  surface.  The  size  of  the  circles  shows  the  magnitude 
of  the  magnetic  field  normal  to  the  plot  surface.  A  in  the  circle  shows  the  tip  of  the 
arrow  coming  towards  the  reader  and  the  "X"  in  the  circle  shows  the  tail  of  the  arrow 


•  Work  supported  by  the  US  Depsrtment  of  Energy  (DOE),  Office  of  High  Energy  *ml  Nuclesr  Physics. 
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'oinr  away  from  the  reader. /AU  of  the  following  magnetic  field  plot*  were  produced  by  the 
vlAFIA  post-processor. 

Figure  4  is  a  plot  of  the  inagnctic  field  of  the  entire  x-y  plane  at  the  middle  metal 
date  of  the  modeled  structure. 
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The  enlarged  view  sf  the  rod  region  in  Fir.  5  *how*  the  peak  magnetic  field*.  From 
this  {dot  it  can  he  seen  that  the  peak  current  now  and  power  low  is  concentrated  where 
the  reds  are  connected  to  the  metal  ptetc. 


Pi|.  ?.  A  magnetic  fWM  piwi  of  the  rml  rcgioii  si  the  middle  metal  plate. 


Further  modeling  sltowcd  that  increasing  the  width  of  the  base  of  the  rods  reduced 
the  power  loas  density  in  that  region. 

A  representative  use  of  the  P01SS0N/SUPERFISU.  codes  is  magnet  design  including 
H  magnets,  septum  magnets,  and  cuadrupole*.  These  codes  have  also  been  used  to  calcu¬ 
late  electric  fields  between  plates  of  fixed  potential  in  art  infinite  pipe,  and  to  calculate  the 
fields  at  both  the  center  and  the  fringe  of  a  magnetic  geometry.  Figure  0  is  a  plot  of  the 
magnetic  field  lines  for  a  qnsdrupoiS  magnet  calculated  with  POISSON. 

Although  it  is  possible  to  use  only  one-eighth  of  the  total  geometry  because  of  the 
symmetry,  in  this  case,  one-fourth  of  the  geometry  was  u«ed. 

The  Maonetic  Fusion  Energy  Network 
and  Computer  Center 


Tiie  NMFECC,  established  in  1974,  provides  large-scale  computational  support  to  the 
magnetic  fusion  energy.e^mmuRjty^sriu  iue  larger  energy  research  community.  The  center 
facUReUs  the  sharing  of  information,  codes,  data,  manpower,  and  computer  power  among 
American  and  Japanese  energy  researchers. 

Currently,  the  NMFECC  user  community  consists  of  about  4400  users  at  about  121 
sites  throughout  the  country  and  Japan.  By  means  of  i  nationwide  communications  net¬ 
work  MFENET,  users  may  access  ilie  foUcwhigdargc-scals  computers  at  NMFECC:  one 
CRAY-1  machine  (to  be  phased  out  shortly),  a  CRAY  XMP  24,  and  two  CRAY-2  machines. 
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Fig.  4.  A  plot  of  ih«  magnetic  field  iinet  of  otvc-qtmrtcr  of  t  quadrupolc. 


Mftcliine  b,  a  CRAY-2,  Iim  40  M words  of  memory  and  4  CPUs;  Mndiinc  f,  a  CRAY-2, 
lias  60  Mwords  of  memory  And  4  CPUs;  Madiinc  c,  the  XMP24,  has  1.3  Mwords  of  memory 
ami  2  CPUs.  These  computers  can  be  accessed  via  dial-up  lines,  TYMNET,  INTERNET, 
Remote  User  Service  Station  (RUSS),  and/or  a  VAX  on  MFENBT. 

Potential  users  with  no  access  to  an  NMFECC  account  need  to  contact  their  DOE 
monitor  to  determine  eligibility  for  an  account.  Those  eligible  then  need  to  contact  Dan 
Hitchcock  at  the  Office  of  Energy  Research  at  DOB  in  Washington,  D.C. 

New  users  can  be  added  to  existing  accounts  by  having  tlicir  Principal  Investigator 
contact  JoAunc  Revelli  at  NMFECC,  phone  (415)  422-4228. 

Overview  of  the  2-D  and  3-D  Mafia  Code 
The  2-D  and  3-D  MAFIA  Systems 

The  2-D  and  3-D  MAFIA  systems  are  sets  of  computer  programs  used  for  the 
computer-aided  analysis  and  design  of  three-dimensional  electromagnetic  structures  in¬ 
cluding  electrostatic  and  magnetostatic  devices,  rf  cavities,  bellows,  etc.  The  programs  arc 
the  result  of  an  ongoing  collaboration  between  the  DESY  Laboratory,  the  Los  Alamos  Na¬ 
tional  Laboratory,  and  the  Kemforschungs  Anlage-Julidi.  MAFIA  is  an  acronym  for  the 
solution  of  MAxwell's  equations  using  the  Finite  Integration  Algorithm.5  This  algorithm 
reduces  tlie  integral  representation  for  cadi  of  MAxwell's  equations  to  a  fully  generalized 
matrix  equivalent  that  is  convenient  for  use  in  large-scale  computers.  Solutions  can  be 
obtained  in  dther  the  frequency  domain  or  the  time  domain.  The  theory  behind  the 
MAFIA  codes  is  well  documented.4-5  The  latest  versions,  5.0+  for  URMEL  and  TBCI, 
2.0+  for  URMEL-T  and  the  3-D  MAFIA  codes,  art  installed  and  maintained  at  NMFECC. 
Figure  7  shows  a  3-D  MAFIA  system  diagram. 


FI*.  7.  The  3-D  MAFIA  system  on  |l««  NMFKCC  CllAY  computer*. 


The  2-D  MAFIA  Code* 

URMEL  —  Version  5.02  calculates  TM  mode*  in  cylindricnily  symmetric  cavities  nnd 
cutoff  frequencies  of  waves  in  longitudinally  invariant  waveguides.  The  cavity  electromag¬ 
netic  fields  may  have  any  azimuthal  dependence.  The  code  uses  a  variable  rectangular 
mesh,  winds  may  be  subdivided  into  triangles.  The  semianalytic  processor  (SAP)'  is  sisc<l 
to  find  the  eigensolutions.  Plots  of  the  geometry  and  electric  and  magnetic  fields  arc 
available. 

URMEL-T  —  Version  £.01  is  similar  to  URMEL  but  uses  a  triangular  mesh.  It  also 
provides  for  dielectric  anil  for  permeable  materials;  it  calculates  TE  and  TM  modes  and 
waveguide  propagation  constants. 

TBG1  —  Version  5.01  calculates  the  time-dependent  electric  and  magnetic  fields  in 
cylindricnlly  symmetric  structures  in  whidi  diarged-particle  beams  occur.  The  code  also 
calculates  the  integrals  of  the  forces  acting  back  upon  the  particles  of  the  beam  as  well 
ns  force  integrals  (wake  potentials)  for  lest  particles  accompanying  or  following  the  beam. 
The  code  uses  a  square  mesh.  Plots  of  the  geometry,  the  electric  nnd  magnetic  fields,  and 
the  wake  potential  arc  available. 

The  2-D  MAFIA  Postprocessors 

WAKCOR  —  Version  5.0£  calculates  the  difference  between  the  values  of  two  separate 
TDGI  solutions  at  identical  mesh  [mints.  Plots  of  the  resultant  wake  potential  are  available. 

WAKFLS  —  Version  5.(55  prints  the  wakefields  and  wake  potentials  saved  at  selected 
locations  for  every  time  step  nnd  optionally  docs  a  Fourier  transform  of  the  fields  at  selected 
points. 

WAKOUT  —  Version  5.55  prints  the  wake  potentials  saved  nt  selected  time  steps. 
Plots  of  the  wake  potential  are  available. 
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The  3-D  MAFIA  PreproccMor 


MS  —  Version  JS.digei Krates  a  rectangular  variable  mesh  for  the  problem  geometric 
data  in  cartesian  coordinate*  on  a  direct  access  (<ln)  file.  At  NMFECC,  the  da  file  is  nil 
absolute  file.  Selected  rectangular  inesli  cells  (bricks)  can  be  subdivided  into  two  triangular 
bricks.  Color  plots  of  the  geometry,  mesh,  and  materials  used  are  available  in  3-D  and  in 
2-D  cut  planes. 

The  3-D  MAFIA  Codes 

RS  —  Version  t.Ol  generates  Hie  equations  ami  coefficients  for  the  eigenvalue  solvers 
E31  and  E32  and  appends  them  on  a  copied  da  file.  The  R3-E3  combination  is  the  3-D 
frequency-domain  solver. 

ESI  —  Version  Z.OZ  solve;  far  the  eigenvalues  and  calculates  the  resonant  frequencies 
and  the  electric  and  magnetic  fields.  The  SAP  is  used  to  imd  the  solutions.  Tliese  solutions 
are  ap|>cn<lcd  on  a  copied  da  file. 

ESS  —  Version  t.Ol  generates  solutions  as  E31  but  uses  a  multigrid  technique. 

TS  —  Version  S.03  solves  for  the  electric  and  magnetic  field*  in  tiie  time  domain;  it 
also  calculates  the  integrals  of  the  forces  acting  back  tijion  the  particles  of  the  beam  ns 
well  as  force  integrals  (wake  potentials)  for  test  particles  nccomjxuiying  or  following  the 
beam.  These  solutions  arc  appended  on  a  copied  da  file. 

The  3-D  MAFIA  Postprocessor* 

PS  —  Version  i.OS  analyzes  and  displays  the  electric  and  magnetic  field  solutions 
calculated  by  the  main  codes  and  stored  on  the  da  file.  It  provides  printouts  of  the 
frequencies,  field  components,  electric  field  energies,  jiowcr  losses,  quality  (Q)  fnclors, 
integrals  of  the  field,  and  net  forces  for  particles  with  phases  0*  and  90*  .  Color  plots  arc 
available  for  the  geometry  and  materials  in  3-D  and  for  the  electromagnetic  fields  in  1-D, 
2-D,  and  3-D. 

WSCOR  —  Version  t.Ot  calculates  the  difference  between  the  values  of  two  wake 
potentials  at  identical  mesh  points  from  two  sepnrate  T3  solutions  stored  on  da  files.  Plots 
of  the  resultant  wake  potential  aie  available.  The  calculated  difference  is  appended  on  a 
copied  da  file. 

WSFLS  —  Version  S.0S  plots  the  fields  and  wake  potentials  saved  at  sjiccified  points 
at  each  time  step  from  a  T3  solution  stored  on  a  da  file.  Tins  code  optionally  calculates  a 
Fourier  transform  of  the  fields  at  selected  points. 

W30UT  —  Version  S.02  prints  and  plots  ihe  scaling  function  G(u,  v,s)  for  every 
position  s  in  the  beam  bunch;  also,  this  code  can  plot  the  wake  potentials  from  a  T3 
solution  stored  on  a  copied  da  file. 

OVERVIEW  OF  THE  POISSON/SUPERFISH 

Group  of  Codes 

The  POISSON/SUPERFISH  Group  of  Codes  is  used  in  the  computer-aided  design  of 
magnets  and  rf  structures.  Tliese  codes  provide  the  user  with  a  choice  between  cartesian 
(x,  y)  coordinates  and  cylindrical  (r,s)  coordinates.  POISSON  calculates  magnetostatic 
nml  electrostatic  fields  while  SUPERFISH  computes  the  resonant  frequencies  and  fields 
of  circularly-symmetric  TM  modes  in  cylindricnlly  symmetric  radio-frequency  cavities. 
Dielectric  materials  and  linear  magnetic  materials  can  be  included  in  the  calculations. 
These  codes  use  n  variable  triangular  mesh  that  distorts  to  fit  the  -problem  geometry; 
the  codes  are  the  original  eleven  programs,  »'Jtc  standardized  version  for  the  accelerator 
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community.  The  latest  version,  2.003,  November  1, 10SS,  is  installed  at  NMFECC.  Change# 
include  n  corrected  stored  energy  *  ion®  in  POISSON,  PAN  DMA,  mid  MIRY;  midi* 
Hon  of  the  codes  PANT  and  FORCE;  addition  of  the  DlSSPLA*bascd‘°  plotting  program, 
DISPLOT,  and  numerous  programming  clmnges  bringing  the  code#  closer  to  FORTRAN?? 
standards."  Figure  S  dhow*  a  P.OISSON/SU  PEP  FISH  system  diagram. 
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rit.  I.  The  POISSON/SUPERFISH  system  on  Ux  CRAY  Mschlne  c  »t  NMFECC. 

POISSON/SUPERFISH  Preprocessors 

AUTOMESH  generates  an  ASCII  file  for  input  to  LATTICE  from  the  problem  geo¬ 
metric  and  material  data. 

LATTICE  generates  a  binary  file,  describing  the  problem  to  be  solved,  for  input  to 
the  main  code*. 

POISSON/SUPERFISH  Codes 

POISSON  solves  Poisson’s  (or  Laplace’s)  equation  for  the  vector  (or  scalar)  potential 
for  2-D  cartesian  geometry  or  geometry  with  cylindrical  symmetry  using  "successive  point 
over- relaxation"  (SPOR). 

PANDIRA  is  similar  to  POISSON  but  uses  a  direct  method  of  solution. 

SUPERFISH  solves  for  the  TM  resonant  frequencies  and  field  distributions  in  an  rf 
cavity  with  three-dimensional  cylindrical  symmetry;  it  also  solves  for  the  cutoff  freouencies 
and  mode  patterns  for  a  waveguide.  Fbr  the  cylindrically  symmetric  cavities,  the  only 
modes  found  are  azimuthally  symmetric. 
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MJRT  optimises  magnet  profile*,  coil  shapes,  and  current  densities  based  on  a  Held 
specification  defined  by  the  user.  The  code  can  be  wed  ns  a  main  code  or  It  can  use  a 
POISSON  or  PANDIRA  solution  as  a  starting  solution. 

PAST  calculates  a  thermal  distribution  in  the  walls  of  an  rf  cavity.  The  code  can  be 
used  as  a  main  cade  or  to  postproecss  a  SUPERFISH  solution. 

POISSON/SUPERFISH  Postprocessor* 

MIRT  and  PA  AT  sec  above. 

FORCE  calculates  forces  on  coil's  and  iron  regions  from  a  POISSON,  PANDIRA,  or 
MtRT  solution. 

SF01  calculates  auxiliary  quantities  for  the  design  of  drift-tube  linacs  from  a  SUPER¬ 
FISH  solution. 

SHY  calculate*  H+  and  the  B  fichls  for  a  specified  region  from  a  SUPERF1SH  and 
SF01  solution. 

TBKPLOT nnd  DtSPLOT  plot  the  physical  geometry  and  meshes  from  a  LATTICE 
solution;  riot  the  equipotentin!  lines  from  a  POISSON,  PAND1RA,  or  MIRT  solution;  plot 
the  field  lines  from  a  SUPERFISH  solution;  or  plot  the  isothermal  lines  from  a  PANT 
fc'duUoH. 

Documentation  of  the  LAACG  NMFECC  Codes 


On-Lint  Documentation.  NMFECC  users  logged  on  to  any  CRAY  and  wanting  basic 
information  on  MAFIA  and  POISSON/SUPERFISH  codes  may  type  in 
C<a  gat  /iaec/info/raadaa 
ind 

cat  raadaa 

for  a  brief  description  of  each  code,  documentation  available,  code  storage,  nnd  information 
on  accessing,  compiling,  and  executing  the  codes. 

NMFECC  users  logged  on  to  any  CRAY  may  also  road  the  up-to-date  messages  on 
the  bulletin  board,  LAACG  POISSON  MAFIA,  by  typing 
bulletin  laacg 

Hard  Copy  Documentation.  MAFIA  Documentation:  URMEL  and  URMEL-T  User 
Guide,*1  TDCI  Short  User  Guide,15  MAFIA  User  Guide.*4 

POISSON/SUPERFISH  Documentation:  POISSON/SUPERFISH  User’s  Guide, >s 
POISSON/SUPERFiSH  Reference  Manual.*8 

Any  of  these  manuals,  code  access  permission,  or  a  nine-track  POISSON/SUPERFISH 
tape  may  be  requested  from  the  LAACG  by  messages  sent  ns  follows: 

NMFECC  users  logged  on  to  any  computer  on  MFENET  may  type  in 
tell  »t6tcb«l»p 

DITNET  users  may  use  the  address: 
atfitcbMaapf 

U.S.  mail  requests  may  be  sent  to 
LAACG 

AT-6,  MS  H829 

Los  Alaaos  National  Laboratory 
Box  1663 

Los  Alaaos,  NM  87545 


17 


Storage  of  LAACG  NMFECC  Codes 

Central  File  System  (CFS).  On  the  Central  File  System  (CFS)  there  is  a  root  node, 
/lace.  Under  /lace  are  three  directory  eodes:  /info,  /*afia,  and  /poicodos.  Under 
/lacc/info  is  the  file  /read**, 

CFS  MA  FIA  Storage.  Only  CRAY-exeeutnble  MAFIA  codes  (controllers)  are  available 
to  NMFECC  users.  Standard  length  versions  named  with  an  x  concatenated  to  the  source 
code  name,  for  example  x«3,  arc  available  for  Machine  c  and  the  CRAY-2  machines.  In 
addition,  one  million  point  versions  are  available  for  the  CRAY-2  machines  for  all  MAFIA 
codes  except  URMElAT.  URMEL--T  is  a  350,000  point  version.  These  versions  have  a  +  ns 
the  last  diameter  of  their  names,  for  example  x»3+.  The  controlled  can  be  found  under  the 
node  /lscc/nafia/*  for  Mnchinc  e  and  under  the  node  /lacc/waf  ia/2  for  the  CRAY-2 
machines.  Ibst  problems  are  found  tinder  the  latter  nodes  under  the  tps  directory.  The 
controllces  arc  stored  for  execution  at  NMFECC. 

CFS  POISSON/S UPERFJS1!  Storage.  Both  sources  and  controllces  are  stored  for 
POISSON/SUPERFISH  codes  for  the  CRAY  XMP  (Machine  e)  and  also  for  any  VAX 
running  under  VMS.  File  names  are  identical  to  those  cited  in  the  rOISSON/SUPERFISH 
User’s  Guide.  The  CRAY  sources  arc  stored  under  /licc/poicodes/cray/src  with 
names  such  ns  autso,  1st  so,  etc.  and  the  CRAY  controllces  arc  stored  under 
/lacc/poicodos/cray/xeq  with  names  such  ns  autoaesh,  lattice,  etc.  Test  examples 
are  stored  under  /lacc/poicodas/cray/axanplea  on  separate  files  and  in  libraries  with 
names  such  as  poisex  for  a  complete  POISSON  run.  Output  files  in  the  poisex  library 
have  a  po  appended  to  their  names  for  example  outautpo.  A  cosmos  jci  file  with  a  name 
such  as  jcipo  Hint  will  execute  the  actual  run  is  included  in  each  example  library.  The 
source  codes  arc  stored  for  compiling  at  NMFECC  or  for  file  transfer,  and  the  controllces 
are  stored  primarily  for  execution  at  NMFECC. 

VAX  sources  are  stored  under  /lacc/poicodos/vax/src  with  names  such  ns 
autso. for,  latso.for.  The  executables  are  stored  under  /l&cc/poicodes/vax/xeq 
with  names  such  ns  autoaesh.exe,  lattice. ex*.  Test  examples  arc  stored  under 
/lacc/poicodes/vax/ examples  on  separate  files  and  in  libraries  with  names  such  as  poi- 
sox.tlb  for  POISSON  examples.  These  files  arc  stored  at  NMFECC  primarily  for  file 
transfer. 

Access  of  LAACG  NMFECC  Codes 

MAFIA  Code  Access.  Source  codes  for  the  MAFIA  systems  arc  distributed  solely  by 
DESY,  Notkcslrnssc  85,  D2000  Hamburg,  The  Federal  Republic  of  Germany.  Requests  for 
hard  copies  of  release  forms  may  be  made  to  atGtcbSlap  via  MFENET  or  to  atGtcbdlaapf 
via  BITNET  or  to  the  mailing  nddress  included  in  the  section  on  Documentation.  Profit- 
making  organisations  should  expect  to  negotiate  a  contract  with  DESY  for  use  of  the 
MAFIA  codes. 

POISSON/SUPERFISH  Code  Access.  Anyone  with  an  NMFECC  account  may  have 
access  to  the  POISSON/SUPERFISH  codes.  The  LAACG  requires  that  a  request  be 
made  for  permission  to  access  either  the  source  or  executable  codes,  but  this  is  only  for 
the  purpose  of  keeping  an  up-to-date  data  base  of  users.  Requests  may  be  made  to  the 
same  network  or  mailing  addresses  listed  under  Hard  Copy  Documentation. 

Execution  and  compilation  of  the  LAACG — NMFECC  Codes 

MAFIA  Execution.  All  controllces  arc  stored  on  CFS  as  described  in  the  section  on 
storage.  To  get  a  conlrollcc  in  a  CRAY  local  file  spnee  type  in  (for  example) 
cfs  get  dir«/lacc/oafia/e  xa3 
end 
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All  2-D  and  3-D  codes  except  for  P3  require  an  ASCII  input  file.  The  CRAY  input  files 
nrc  always  the  name  of  the  source  code  concatenated  with  in.  For  example,  the  input  file 

for  M3  is  *3in,  Ail  the  MAFIA  codes  except  P3  (where  it  is  optional)  produce  nn  ASCII 
output  (print)  file.  The  output  file  name  ia  tie  tun  the  source  code  name  concatenated 
with  out,  UIIMEL-T  is  the  exception:  its  ASCII  output  file  is  named  uratltou.  The 
3-D  MAFIA  cedes  use  a  da  absolute  file  for  intercommunication.  That  file  name  is  n af 
concatenated  with  the  first  letter  of  the  3-D  code  name.  M3  produces  a  if  a,  which  Is  used 
for  communication  with  R3.  R3  in  turn  produces  nafr,  etc.  For  large  problems  fomilyine 
will  place  on  the  da  flies.  The  scheme  used  at  NMFECC  is  that  if  the  first  flic  is  named 
aafa,  for  example,  then  the  second  is,  asfaOl,  etc.,  but  the  last  file  has  a  name  ending  in  x, 
such  as  aafalx.  Libraries  of  lest  examples  are  in  /l»cc/auf ia/tps.  For  3-D  MAFIA,  the 
file  »3r3*31  contains  inputs  and  outputs  for  a  complete  3-D  frequency-domain  calculation. 

In  codes  where  plots  are  available,  a  menu  will  request  that  the  user  select  one  option 
from  20  plot  options.  Some  options  will  be  followed  by  queries  for  baud  rate  and  box 
number.  TUo  experienced  user  may  select  the  file  substitution  option  available  and  freely 
substitute  file  names  for  expected  file  names  and  also  may  type  in  no*  foe  plot  option, 
baud*  for  band  rate,  xob"  for  box  number  right  on  the  execution  line.  "For  example,  typing 
in 

xa3  po*2  xob«q36  *af*»is»ft<isc 

results  In  x»3  executing  with  plot  option  2,  he 3  number  q35;  the  dr.  fde  produced  will  be 
named  naftot.  File  substitution  is  not  available  for  plot  file  names. 

Input  files  for  test  problems  can  be  obtained  by  typing  in  (for  example) 
da  get  /iicc/e4fWtpa/*3rv'<i3i 
oad 

lib  *3r3a31 
x 

•ad 

All  input  and  output  fiiea  will  be  in  the  local  fils  space.  Output  files  will  have  a  1 
appended  or  substituted,  for  liso  last  dmractcr  in  file  names  over  seven  cliaraclcrs  long  ?o 
that  comparisons  can  "or  made. 

POlSSON/Sl’PEKFiSH  Exccuficn.  All  controllees  arc  stored  on  CFS  as  described  in 
the  section  on  storage.  To  get  a  controller  in  r.  CRAY  local  file  space  type  in  (for  example) 
cf#  got  dir“/lacc/poicod;*s/cray/xeq  autosesh 
end 

For  cedi  test  example  library  included  in  CFS  under  /lacc/poicodes/ 
cray/ex&spi«s,  there  it  a  jci  file  that  will  execute  with  COSMOS.  Tin*  jci  fda  will 
get  all  the* necessary  files  from  CFS,  extract  all  files  from  the  library,  ana  execute  the 
problem  with  a  running  log  displayed  at  the  terminal.  A  log  file  is  also  produced  for  later 
viewing.  Eadi  test  example  library  also  has  a  reads*  file  with  a  more  detailed  explanation 
of  how  the  podcs  run.  For  example,  to  run  the  POISSON  test  example,  type  in 
example,  type  in 

cfs  get  /l&cc/poicodes/crey/exanples/jclpo 
end 

€08X03  jcipo 

At  NMFECC,  all  plots  ore  made  with  the  cotie  DISPLOT.  A  menu  similar  to  the 
MAFIA  initial  plotting  menu  will  be  displayed  and  -will  request  that  the  user  select  one 
of  the  20  plot  options  presented.  Some  options  will  be  followed  by  queries,  for  baud  rate 
and  box  number.  The  experienced  user  may  type  in  po»  for  the  plot  option,  baud*  for  iiis 
baud  rate  and  xob*  for  the  box  number  right  on  the  execution  line.  For  example,  typing 
in 

displot  po*3  baud»9600 

will  result  in  DISPLOT  executing  the  plot  option  3  at  9G00  baud.  Picasc  note  that  TEK- 
PLOT  based  on  PLOTIO17  stored  in  CFS  node  /iacc/poicodes/cray/xeq  will  not  exe¬ 
cute  at  NMFECC  and  is  stored  in  CFS  for  file  transfer  convenience  only. 
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POISSON/S UPER FISH  Compilation.  All  POISSON/SUPERFISH  CRAY  source 
codes  in  loeni  <lisk  space  can  be  compiled  on  Machine  c  by  typing  in  (for  example) 

trixgl  o(libio)  run  «nd 

The  library  source  code  libso  must  be  compiled  first  followed  by  poiso,  then  the  remaining 
source  codes  may  be  compiled  in  any  order. 

Up-to-date  instructions  for  compiling  on  the  CRAYs  or  VAXes  will  always  be  available 
in  ihc  raadaa  fiics  stored  in 

/lacc/poicodt*/cray/in<o/r«ad«*.c 

or 

/lacc/poicod*s/vax/info/r«adM.v 

Tb  transfer  P,lcs  to  an  MFNET  computer  type  in  (for  example)  notout  libso. for 
sito«lap  user*at6t_cb  binary.  Use  the  binary  option  for  all  file  types.  If  the  transfer 
site  is  a  VAX- VMS,  xiicrc  must  be  a  directory  with  all  world  privileges  named  usar.nat; 
for  the  above  example:  at6tcb.nat. 
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ABSTRACT 

Recently,  tha  measured  and  calculated  input  impedances 
were  presented  for  a  monopole  attached  at  various  locations 
to  a  conducting  box  ovar  perfect  ground.  The  PATCH  code 
(featuring  an  electric  field  integral  equation  surface  patch 
formulation)  produced  the  calculated  values*  This  provide  us 
a  benchmark  for  a  comparison  study  of  wire  grid  and  magnetic 
field  integral  equation  surface  patch  modeling  via  NEC.  The 
near  field  capability  of  NEC  was  exorcised  for  gaining 
experience  in  predicting  RADKAZ  conditions  for  Navy  HF 
shipboard  antennas. 

Early  indications  for  whips-on-boxes  suggested  three 
things  : 

(1)  Surface  patch  models  were  preferable  from  a 
computational  efficiency  standpoint  when  the  whip  was  mounted 
a  quarter  wavelength  away  from  edges. 
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(2)  Wire  yrid  nodal®  required  nor®  computational 
resources  but  were  nacascary  for  edge-  and  corner-mounted 
whip®,  and 

(3)  Tha  coarseness  of  tha  unifora  patch  currant  nodal 
and  the  discretely  distributed  currants  of  tha  wire  grid 
nodal  gave  cause  for  apprehension  concerning  tha  correctness 
of  tha  near  fields  they  produced.  In  this  exercise,  however, 
the  NEC-produced  near  electric  fields  turned  out  to  be  quite 
credible  when  modeling  paraneters  were  carefully  selected. 

A  developmental  version  of  JUNCTION  (a  new  wire-patch 
code)  was  exercised  for  near  fields  and  the  results  compared 
to  those  of  NEC. 

INTRODUCTION 

The  admittance  and  the  electric  near  fields  of  a 
nonopole  antenna  (  V5)  mounted  on  a  cubical  bex  (  V3  per 
side)  over  a  perfectly  conducting  ground  plane  as  shown  in 
Figures  la  and  lb  were  evaluated  using  the  Numerical 
Electromagnetics  Code  (NEC)  (1,2).  Surface  patch  and  wire 
grid  models  of  the  box  were  employed.  The  monopole  was 
positioned  at  the  center,  the  edge,  and  at  a  corner  of  the 
box  top  surface.  The  results  from  NEC  were  obtained  and 
compared  with  experimental  data  and  results  from  PATCH 
another  independent  electromagnetic  modeling  coda  [3]. 
Contour  and  3-D  amplitude  and  phase  plots  of  the  near 
electric  fields  are  presented  for  the  surface  patch  and  wire 
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grid  models  and  conclusions  ara  presented.  Efficiency  and 
computational  rasourca  desands  ace  discussed  for  both 
approaches  and  guidelines  are  presented.  A  new  version  of  the 
PATCH  coda,  JUCTION,  is  discussed  with  sosa  comparative 
preliminary  results. 

MCKSRQPMO 

Monopoles  are  often  used  as  antennas  on  the  Mavy 
shipboard  topsida  and  are  located  near  edges  and  comers  of 
the  super-structure.  Measurements  and  PATCH  code  results  have 
been  previously  reported  for  the  admittance  characteristics 
of  a  monopole  antenna  mounted  on  a  simple  conducting  cubical 
box  over  a  ground  plane  which  simulates  the  topside 
environment  of  a  ship  (4].  This  approach  can  therefore  be 
realistically  extended  to  predict  RADHAZ  conditions  on  actual 
ship  models.  This  paper  presents  NEC  admittance  comparisons 
as  well  as  further  NEC  results  of  near  fields  using  both 
surface  patch  and  wire  grid  models.  Additionally  JUNCTION 
code  results  are  presented  and  compared  using  some  vary 
recent  modeling  exercises. 

RESULTS 

To  find  the  optimum  density  of  patches,  the  number  on 
the  top  of  the  box  was  varied  until  convergence  was  obtained. 
For  each  position  of  the  monopole  a  frequency  sweep  of  404 
(initial  frequency  -  l  GHz)  was  used.  In  Figures  2,  3,  and  4 
NEC  results  versus  measurements  and  the  PATCH  code  for 
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admittance  Cor  fcha  aonopole  at  tha  center,  tha  edge,  and  th« 
comar  ara  praaantad.  For  tha  thraa  different  mounting 
geometries  optiaua  NEC  models  vara  Found  to  ba  : 

CENTER  :  9  by  9  or  81  total  patches  on  tha  top  of  tha  box 
(U.0013A2  patch  area),  EDGE  and  Q3RNER  :  11  by  11  or  121 
patchas  on  tha  top  (0.000912  patch  araa) . 

To  plot  the  aagnituda  and  phase  of  tha  near  electric 
Field  For  tha  three  different  aounting  geoaetrias  FORTRAN 
algorithms  vara  developed  using  NEC  output  data.  The  contour 
plot  oF  magnitude  oF  tha  total  electric  Field  is  presented  in 
Figure  S  For  tha  aonopole  at  tha  center.  Tha  main  lobe 
starts  to  develop  at  a  distance  2^  (0.6  aatars)  Froa  the 
antenna  along  tha  x  axis  with  a  maximum  occurring  at  an 
elevation  angle  oF  60°.  Box  re-radiation  and  difFraction 
causes  a  deep  null  to  occur  at  an  alavation  angle  oF  27°  Fron 
tha  box  surface.  A  3-diaensional  plot  is  presented  in  Figure 
6  in  order  to  give  batter  insight  about  tha  electric  near 
Field  variations.  The  phase  variation  oF  tha  r-coaponent  oF 
tha  electric  Field  shown  in  Figure  7  displays  a  spherical 
vavaFront  pattern  except  For  tha  region  of  tha  null.  Mira 
grid  modeling  oF  these  geoaetrias  gave  essentially  identical 
results  to  those  above  using  surface  patches.  This  attests  to 
the  equivalence  of  ths  two  nuaerical  techniques  in  NEC  (less 
than  2  dB  differences) . 

The  computer  time  required  For  the  wire  grid  solutions 
took  six  times  the  CPU  time  as  that  of  the  surface  pitch 
solution  For  similar  convergence. 
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An  opportunity  to  teat  a  new  electric  field  integral 
equation  surface  patch  code  arose.  JUNCTION,  a  code  based  on 
PATCH  but  with  the  addition  of  wires,  was  being  extended  to 
include  near  electric  field  calculations  [5,6],  A  prelininary 
version  was  provided  by  Professor  0.  R.  Hilton  of  the 
University  of  Houston.  The  initial  problem  input  to  JUNCTION 
was  the  monopole  center-mounted  on  the  conducting  box  as 
shown  in  Figure  8.  The  near  field  results  were  totally 
unrealistic  compared  with  those  of  NEC.  Input  admittance 
values  were  also  in  error  as  seen  in  Figure  9. 

Utilizing  more  basic  geometries  produced  very  good 
agreement  with  NEC  and  MININEC  for  simple  dipoles  and 
monopoles  as  shown  in  Figures  10  and  11.  As  can  be  observed 
from  this  figure  JUNCTION  needs  20  segments  to  obtain 
convergence  similar  to  MININEC  for  the  same  geometry.  An 
example  of  a  whip  on  a  flat  plate  in  free  space  from  the 
JUNCTION  Manual  [6]  yielded  excellent  results,  as  seen  in 
Figures  12  and  13  for  conductance  and  susceptance.  Retrying 
the  input  data  sequence  for  the  whip  on  the  box  (increasing 
the  patch  and  segment  density)  did  not  help  the  initial 
problem.  A  careful  check  of  the  input  geometry  and  the  output 
listing  did  not  reveal  any  errors. 

CONCLUSIONS 

Surface  patch  and  wire  grid  modeling  techniques  using 
NEC  can  both  be  applied  to  accurate  near  field  prediction  of 
antennas  in  complex  environments  as  demonstrated  in  the 
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peasant  study.  Guidelines  tor  both  models  have  been  developed 
in  this  paper,  as  veil  as  the  results  of  the  near  field 
behavior  of  the  monopole  on  the  conducting  box.  This 
information  can  be  used  for  future  investigations  on  "ship- 
like"  structures  [2J. 

Although  this  initial  test  of  the  JUNCTION  (near  field 
version)  code  was  not  successful,  the  basic  JUNCTION  code  has 
been  shown  to  perform  as  veil  as  the  PATCH  code  (3). 

Once  the  explanation  and  correction  of  errors  is  found, 
JUNCTION  (near  field  version)  should  be  most  useful  for 
cases  such  as  open  structures  which  NEC's  surface  patch  model 
cannot  handle.  The  JUNCTION  code  seems  to  require  more 
unknowns  per  square  wavelength.  For  example,  the  conducting 
box/monopolo  model  of  a  6xS  patch  top  surface,  four  4x6  patch 
sides,  and  a  IS  segment  monopole  required  424  edges 
(unknowns)  compared  to  265  for  NEC  (2). 
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•  «  I* 

Fic,lt.  Sionopole  at  Center, 
Edge  and  Corner  of 
the  Cubital  Box. 

NEC,  Wire  Grid  Model. 


Fig.  lb.  Monopolo  at  Center, 
Edge  and  Corner  of. 
the  Cubical  Box. 
NEC,  Surface  Path 
Model. 
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Fig,  2.  Monopole  at  Center  of 
Patch  Box. 
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Fig.  3.  Monopole  at  Edge  of 
Patch  Box. 
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Fig.  5.  Total  E-Field  Contours 
(da  Rei.  to  I  V/a) 
Monopole  at  Box  Center. 


Fig.  7.  Z-Ojsponent,  E-Fieid 
Phase  Contours 
Monopolo  at  Box  Center. 
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(dB  R <*(,  to  1  V/o) 
Monopole  at  Box  Center 


Figure  8.  Monopolo  n.t  Center  of  the  Cubical  Box. 
JUNCTION  Code  Modol. 


Figure  9.  Monopolo  at  Center  of  the  Cubical  Box. 
Admittance  Comparison  Between: 
Measurements;  and  NEC,  PATCH,  and  JUNCTION 
Codes. 
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Figure  10.  Half-wave  Dipolo  in  Froo  Space. 

Convorgenco  of  JUNCTION  vs.  MININEC 
for  Impedance  (Real  Part). 


Figure  11.  Half-wave  Dipole  in  Free  Space. 

Convergence  of  JUNCTION  vs.  MININEC 
for  Impedance  (Imaginary  Part). 
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Figfuro  12,  Monopolo  at  tho  Center  of  a  Flat  Plato 
in  Free  Space.  JUNCTION  Rosults  for 
Conductance  as  the  Patch  Density  Varies. 


rfitqUENCY  (HIIZ) 

Figure  13.  Monopole  at  the  Center  of  a  Flat  Plate 
in  Free  Space.  JUNCTION  Results  for 
Susceptance  as  tho  Patch  Density  Varies. 
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EMPACK:  Building  Block  Subroutine* 
for  the  Method  of  Moment* 

D.  R.  Wilton*)  S.  V,  Ycsautharao, 

C.  Mt  Cheng,  mid  It.  M.  Sharpe 
Dept,  of  Electric*!  Engineering,  University  of  IIou*ton 
University  Park,  Houston  TX  77004 


1.  Ab*  tract .  'Hie  basic  (Up*  in  the  (elution  of  electromagnetic  field  problem*  by  the  method 
of  moment*  Are  the  following: 

•  lUadiug  in  the  problem  geometry  informAtlon  and  other  problem  parameter*,  and  setting 
up  any  auxiliary  table*  needed  to  fill  the  moment  matrix. 

•  Assembling  the  moment  matrix. 

•  AMembling  the  right  hand  tide  forcing  function 

•  Solving  the  resulting  *j*tcm  of  equation*  for  actual  or  equivalent  source*. 

•  Computing  desired  ipiantitie*  from  the  *ourec*. 

•  Writing  out  problem  Input  and  computed  data. 


KM  PACK  i*  a  library  of  FORTRAN  *ubprogram*  currently  being  developed  to  perform  mo«i 
of  lhc*o  task*.  For  example,  it  contains  a  act  of  tubroutinc*  to  read  in  dau  describing  dis~ 
cretiied  contour*,  turfacc*,  and  volume*  in  a  ttandardiicd  format.  For  contour*,  provision*  arc 
made  for  ilmuitancousiy  specifying  several  segment  attribute*  (e.g.,  wire  radii,  segment  radiu*  of 
curvature,  or  (urface  impedance),  and  node  attribute*  (c.g.,  voltage  source*  or  lumped  loading 
Impedance*).  Similar  provision*  arc  made  for  ipeeifying  vertex,  edge,  face,  and  cell  attribute* 
for  surfaces  and  volume*.  To  aid  in  the  matrix  assembly,  subprogram*  are  being  developed  to 
identify  and  tag  contour  and  aurfaee  junction*,  and  to  set  up  table*  mapping  potential  Integral 
contribution*  from  source  and  observation  point  pair*  defined  on  node*,  edge*,  face*,  or  cells, 
to  appropriate  moment  matrix  locations.  Other  mapping  tables,  tucli  a*  for  defining  tree*  and 
loop*  for  the  decomposition  of  basis  function*  Into  divergence-  and  curl-free  pan*,  are  planned. 

A  set  of  subprogram*  has  already  been  developed  to  evaluate  potential  Integral*  and  their  gra¬ 
dient*  for  uniform  and  linearly  varying  source  distribution*  defined  on  (imply  shaped  domain*. 
Sudi|domain*  include  linear  wire  and  cylinder  segment*,  planar  triangular  and  rectangular  sur¬ 
faces,  conical  segment*  with  cxp(jrn4)  phase  variation,  triangular  prism*  of  infinite  and  finite 
extent,  and  rectangular  and  tetrahedral  celt*.  Practically  ail  electromagnetic  field  quantities  can 
be  expressed  in  terma  of  these  integral*. 

Since  EMPACK  can  perform  many  of  the  tubtuk*  required  in  the  method  of  moments,  it  free* 
the  code  developer  from  being  overly  concerned  with  the  detail*  of  the  task,  leaving  him  to  con¬ 
centrate  on  the  analytical  and  numerical  formulation  of  •  problem.  It*  flexibility  also  allow*  him 
to  experiment  with  alternative  numerical  approaches.  And  while  the  resulting  code  cannot  be 
optimum  for  a  specific  problem,  it  can  serve  aa  a  developmental  platform  and  a  validation  tool 
for  a  more  problem-specific  code. 

2.  Numerical  Representation  of  Electromagnetic  Field*.  Electric  and  magnetic  field* 
can  be  represented  in  a  standardited  form  that  requires  only  the  computation  of  icalar  potentials 
and  their  gradient*  due  to  pieccwiie-lincar  and  piecewise  constant  source  distributions  on  simply 
shaped  domains.  The  expressions  obtained  are  valid  everywhere,  including  in  source  regions. 
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\Vc  first  define  the  symbol  V  to  represent  a  domain  wtilds  may  Ik  either  a  curve  (C),  a  surface 
($),  or  a  volume  (V).  For  numerical  purpose*,  we  |ire>ume  that  C  is  approximated  by  piecewise 
linear  segments;  that  5  (a  approximated  by  planar  triangular  or  rectangular  patches,  conical 
frusta,  or  tubular  segments;  or  that  V  la  approximated  by  rectangular,  tetrahedral,  or  right  tri* 
angular  prismatic  cella,  Tim  segments,  patches,  fru* t a,  or  cella  Into  which  V  la  divided  are  called 
rUmnU.  Fig.  1.  attempt*  to  depict  a  pair  of  adjacent  element*  with  a  common  element  sub- 
boundary  ft,.  IfVaS,  the  figure  might  represent  adjacent  rectangular  And  triangular  elementa, 
or  possibly  adjacent  tubular  and  conical  element*,  If  D  a  V,  It  might  reprvaenl  the  aide  view  of 
a  rectangular  cube  or  a  ptlarn  Adjacent  to  a  second  prism.  Stretching  the  free  vertices  of  these 
element*  to  Infinity  in  dlrcctiona  either  transverse  or  normal  to  ft,  result*  In  Infinite  sttlp*  or 
in  Infinite  pitims  of  triangular  ot  rectangular  eroa*  aection  whiclr  arc  u*ed  to  model  cylindrical 
structure*.  If  V  m  C,  we  shrink  ft,  to  a  point  and  view  the  figure  a*  representing  two  adjacent 
line  Segment*. 

In  a  homogencoua,  Isotropic,  aource  free  material  region,  all  field*  may  be  computed  from  equiva- 
lent  electric  and/or  magnetic  outface  current*  on  the  region'*  boundaries,  tnhomogcneou*  region* 
may  be  represented  In  term*  of  volume  electric  and  magnetic  polarisation  current*.  If  these  cur¬ 
rent*  are  known,  the  electromagnetic  problem  can  be  reduced  to  the  computation  of  field*  from 
these  current*.  In  a  solution  by  the  Method  of  Moment*  (MoM),  however,  these  source*  arc 
equivalent  sources  which  become  the  unknowns  In  an  Integral  equation  formulation.  The  com¬ 
putation  of  electric  and  magnetic  field*  due  to  these  equivalent  currents  Is  most  conveniently 
performed  by  using  electromagnetic  potentials.  Hence  we  arc  led  to  consider  the  fields  due  to 
electric  current*  Jp  and  magnetic  current*  A (v  representing  tine,  surface,  or  volume  current* 
for  V  a  C.S,  or  V,  respectively.  The  fields  are  given  In  terms  of  magnetic  vector,  electric  scalar, 
electric  vector,  and  magnetic  scalar  potentials  A,  ♦  F,  and  *,  respectively,  a* 


E  a  ~juA-V+-^xr 

0) 

H  a  -.jyF-VJ  +  ivx  A 

(2) 

where 

r  ,-)>H 

A(r)  =  ,, 

(3) 

rM  -  '{»<?*' 

(d) 

1  t  e-l*« 

♦M  ■ 

(6) 

-  rJr^T. is*’- 

(0) 

Hie  charge  densities  fp,mp  are  related  to  Jv  and  Afp  through  the  equation  of  continuity, 

to  =  ”TT  Vp-Jp 

(7) 

(8) 

with  a  suitable  interpretation  of  the  divergence  operator.  Any  electric  or  magnetic  current* 
present  may  be  approximated  by  meana  of  a  linear  combination  of  known  functions  A®  (basis 
functions  or  expansion  functions}.  For  the  electric  current,  for  example, 
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(9) 


■M')  >  £jnA*(r) 


where  ike  constant*  JH  represent  ike  current  crowing  ike  boundary  is  between  ami  directed 
from  Ike  element  AT>„«  10  AU„.  of  Fig.  I.  A  basis  function  ,1®  H  AMCdated  wiik  each  is,  ami 
U  defined  a*  follow*; 


■  { F  ££r 


(10) 


It  can  be  ihown  that  ,tj  tan  be  represented  aa  a  linear  combination  of  vector*  of  cotuiani 
direction  and  linearly  varying  ampliiude  a*, 

01) 


b*t 


<■! 


where  4,*  are  linear  vector*  a**ocialed  with  Ike  edge*  of  iVP„*  not  belonging  to  is  a*  shown  in 
ike  Fig.  I,  and  th«(*,  ate  normalised  coordinate*  which  vary  linearly  acro«  iVD„«.  Substituting 
Jo  from  (9)  in  (3)  lo  obtain 


Mr )",&«[  '‘?(O~r<f0* 

Cm  **n 

Substituting  vlj  from  (10)  and  (II)  in  (12),  we  obtain 


A(r)  «  »<£> 


*•1 


lei  lal  "" 


(r) 


(13) 


(13) 


where  °**  i*  defined  below.  Since 

-  g7"--w-ar''?-M 

where  llj«(r)  ia  a  unit  puUe  function  In  cYD**,  the  quantity  «rB*  U  defined  a* 


o«i 


{dlin(AT>,,« ),  on  •implex  domain*, 

1  on  rectangular  or  cubical  domain*, 


(Id) 


(15) 


and  dim(At7„t)  i*  the  ipatlal  dimcniion  of  &Vnt  {  n  1, 2,  or  3  for  V  a  C,  S,  or  V,  respectively). 

lliu*  charge  distribution*  are  approximated  a*  piecewise  constant.  We  hate  from  (5),  (7),  (9), 
_ 1  #1 


and  (H) 


where  is  defined  below.  From  (13)  *re  obtain 


VxA(r)  =  /.£> 


(■1 


£  JT7v^  W  *4*+£  r^vf0*’  (r)  x  4- 

mi  nn4  (*i 


(15] 


(IT 


and  from  (10), 
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«"”•'«  -  /  S2V 

^40  *t*/l 


S""1"*'"'  r“  >«-»  >'?"••.  ""•• .  »S  IS*  H*  m  ™tad 

•  Wits  segment* 

•  Strip  Segment* 

•  Conical  frusta  with  -/«#  circumferential  yatlMion 

•  Rectangular  patches 

•  Triangular  patches 

•  Tctralicdra 

•  Rectangular  cubes 

•  Triangular  prisms 

3.  Examples. 

i^sSKtr  *” t"  -  “» -•“  «*. «, s,  mm  a 

iSSLtTw^  •  cs""-;  "“i?”"*1'  »«i* 

Titus,  we  have,  y  K  ln5  all  currents  anti  the  frequency  to  rcro. 

E  a  -V^ 


*w  * 


of  lh«  pul*  WedOM  *m°'im,Uon ,0  ‘So  <1im,o  mi,  be  tepKMnwiI  In  toim, 

?»(>■)  =  E?an»(r), 
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(23) 


whets  f,  U  the  charge  density  la  4%  w>d 

»-”m  -  { J  «££:  <»> 

In  Urm*  cf  f„,  the  potential  In  (12)  become*. 


*(<•)■  7  E^4P*H  (35) 

‘  <*«t 

where 

*"•« "  L.ns"'-  w 

Hence  £  can  he  computed  from 

*>(r)  »  ;5>V*M‘(r).  (37) 

«*l 

An  integral  equation  for  unknown  clutxc  dentil?  induced  on  the  tutfve  S  of  a  perfect  electric 
conductor  (PEC)  charged  to  a  specified  polcntid  V  is  now  casity  obtained.  Since  the  tangential 
electric  field  must  vanish  on  S,  the  scalar  poicniltd  i  must  he  constant  there.  Hence, 

♦(e)  »  V.  (24) 

Enforcing  this  condition  At  the  Centroid  rm  of  each  element  and  employing  (25),  and  (24),  w« 
have 

;  £;*.«"•(*.)  =  v.  (39) 


rigs.  2  and  3  tiiow  charge  density  distribution*  on  a  fiat  atrip  and  on  a  T-ahaped  strip  obtained 
hy  solving  (29).  Tor  this  cate  v'A0*  reduce*  to 

(30) 

3.2  Electric  Field  Integral  Equation  for  TM  Illumination  of  an  Infinite  Conducting 
Cylinder.  Consider  the  specialisation  of  (10)  to  the  caae  of  scattering  hy  a  PEC  cylinder 
illuminated  by  a  field  incident  normal  to  the  cylinder  axis  and  polarised  TM  with  respect  to  the 
cylinder  axis,  taken  to  be  the  x-axis.  The  cylinder  cross  lection  In  the  :s0  plane  is  described  by 
the  contour  C,  approximated  hy  a  series  of  pieeewite  lineal  segments,  AC*.  With  the  excitation 
and  polariiation  specified,  current  Induced  on  the  Infinite  cylinder  U  directed  only  parallel  to  the 
r-axis.  The  contour  segment  AC*  may  now  be  taken  no  the  boundary  between  two  rectangular 
culls  extending  from  i  «  -A  to  r  «s  0  and  from  i  u  0  to  s  a  +A,  respectively,  and  the  infinite 
cylinder  is  obtained  by  allowing  A  to  approach  infinity.  The  basis  function  defined  with  respect 
to  the  clement  boundary  AC*  thus  become* 


<(r) 


f  i  ijti  '1=2*  j,  p  In  AC*  , 
(  0  ’  otherwise, 

5H  ,(p), 


(31) 


where  p  Is  the  projection  of  r  onto  the  plane  z  a  0,  and  11, (p)  is  the  unit  pulse  function  defined 
on  ACg.  Since 


^ -a; 


±tA—  a.  pin  AC*, 
0  otherwise, 


(32) 
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dearly  no  *utf*e«  dtvge  tktuiiy  U  prctent  Id  tin  TM  poiatiratien  and  hence  the  «*la?  potential 
♦  vanlahe*.  Substitution  of  the  expawlon  (31)  for  the  aurfacc  current  density  Induced  e«  C  into 
{1 J)  and  iu<  of the  Identity 


(33) 

yield*  for  tbc  Vector  potent!*!  of  the  K*ltetcd  field, 

A(r)  ■  ifi^J„\S^(p), 

*■1 

(31) 

wJk« 

d«*(p)  ■  Jr  /  kftfr-rtV. 

V  J  AC. 

(35) 

Hence  tin  electric  fidd  KAitctcd  by  tb«  current  Induced  on  tbc  cylinder  U 


,v 

£'(P)  «  -M*i  £>«****&>).  (30) 

OKI 

An  Integral  equation  for  TM  cylinder  K»ll-rint  U  obtained  by  enforcing  tbc  boundary  condition 
that  ibe  Kattered  field  exactly  cancel  tbc  incident  field  on  tbc  cylinder  at  the  centroid  pm  of 
each  acgmenl  ACU: 

mol.J . N.  (37) 

•■l 

■4.3  Electric  Field  Integral  Equation  for  TE  Illumination  of  an  Infinite  Cylinder.  For 
a  conducting  cylinder  Illuminated  by  a  TE  polaritcd  Incident  field,  tbc  current  can  be  expanded 
In  term*  of  triangular  bad*  function!: 

N 

j(p)  = 

«■! 


wh<f< 


pin  AC* a, 
otberwjae. 


In  terma  of  local  coordinate*  („* ,  however, 


P«  a 
baa 


an  bcncc  the  vector  and  scalar  potcntlala  of  the  Kattered  field  are  given  by 


and 


♦(p)  =  £&>*[, ^-w-sjr^-w] 


=  J,  /  <a*4S,(t!p-p'|)dC' 
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where 
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2-(ix^)«{lxi).Vt»»A-^»~j,  (43) 

Fig,  4  llliutra'c*  the  Induced  current*  on  a  aquarc  cylinder  Illuminated  by  a  TM  Incident  field 
obtained  by  wiring  (43), 

4.4  Magnetic  Field  Integral  Equation  for  TE  Illumination  of  all  Infinite  Cylinder.  In 
the  of  TE  Illumination,  the  Induced  *urf*<e  current  ha*  only  a  circumferential  component 
and  bento  tlto  Mattered  magnetic  field  field  U  entirely  s-ditected.  Sotting  t ho  magnetic  field  to 
aero  ju*t  ln*idc  the  cylinder  trw*  KCtlon  yield*  the  magnetic  field  Integral  equation, 

«•  (If* +  W*j  ■  0.  (44) 

For  thU  c**c  wo  havo 

ft 

Mfi)  «*  (45) 

(lit 

and 

,v 

V X Mri  m  ~'£j«,ilxv+*c-{r>)  (46) 

from  *hW»  field  U  found  from 

It  «  frxA.  (47? 

Recognltlng  that 

i-?<,X  V*«iX?„.V\>«.-H.'P*.  (48) 

Point-matching  In  the  rctuUIag  Integral  equation  yield* 
ii 

2  +'>*1*  •  V^iC*(/>^)  IS  -/ti(p-)  PZ  Q  AC£  (JuU  inaifc  AC..),  (49) 

Ml 

Fig,  S  ihow*  current*  Induced  on  a  rquarc  cylinder  Illuminated  hy  TE  Incident  field  obtained  by 
aolving  (49). 
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JUNCTION:  A  Computer  Code  for  the  Computation  of  Radiation 

and  Scattering 

by  Arbitrary  Conducting  Wire/Surface  Configuration* 

D.  R.  Wilton*,  and  S,  U.  »(*« 

Dept.  of  £J<?eirie*l  KagiMeerbu,  U»i»r»liy  of  Houston 
University  Pwk,  Houston  TX  T700f 


1.  Introduction.  JUNCftO.S',  a  computer  rode,  rt*ulu  from  the  application  of  numerical 
procedure*  deacribed  in  thl*  paper  which  Invoke*  the  method  ef  tnew*»u  10  solve  a  coupled 
electric  feW  Integra)  equation  for  the  current*  Induced  ea  aa  arbitrary  configuration  of  perfectly 
conducting  bodie*  am!  «Unt,  An  important  feature  of  ike  (ode  U  lu  ability  to  treat  witc-to. 
wire,  aurfaw-to-tutface,  and  wite.io.*urf»«  junction*.  Wire*  may  be  connected  to  surfaces  at 
essentially  arbitrary  affect  and  way  be  attached  to  surface  edge*  or  vertices.  Rendu  obtained 
using  this  algorithm  are  la  Ike  form  of  electric  current  and  charge  deadlier  and  far-  and  near- 
field  pattern*.  Pig.  I  depict*  a  typical  toadotiln g  wire  and  body  configuration  wkick  wigkl  k« 
treated  by  JUNCTION. 


3.  Formulation.  Ut  5  denote  a  configuration  of  perfectly  conducting  surface*  ImmcrKd 
la  aa  Incident  electromagnetic  field.  la  general.  S  may  wn»i*i  of  a  collection  of  conducting 
kodie*  (.9*)and  wire*  (SW),  Aa  electric  Reid  IT,  defined  to  kc  the  field  due  to  an  Impressed 
source  la  the  absence  of  S,  ic  Incident  on  acd  induce)  surface  current  J  aad  total  current  /  on 
Sg  a mi  Sw  respectively.  A  pair  of  coupled  Integra}  equation*  for  ike  configuration  of  wire*  and 
kodie*  may  ke  derived  ky  requiring  tke  tangential  component  of  ike  electric  field  to  vanish  on 
rack  rurface.  Thu*  we  have 


»  O'^A  +  r  on  5 


where 


A "  ft  U,/^  *  L&rr«] 

*  ■  -ifts  (/,.  '’•"'tt*  +  L  s^Tr"-! 


(1) 

(i) 

(3) 


and  R  m  [r-r*|  U  the  distance  between  an  arbitrarily  located  observation  point  r  and  a  source 
point  r'  on  S.  In  (2)  and  (3),  k  n  where  \  it  the  wavelength,  n  and  <  arc  the  permittivity 
and  permeability,  respectively,  of  the  » wounding  medium,  J  U  the  are  length  along  the  wire 
axlt,  and  a  b  tke  radiut  of  tke  wire. 


3.  D»»ii  Function*.  A  triangular  patch  model  of  Sg  and  a  linear  tubular  tegment  model 
of  Sw  U  aaeurned  (c.f.  Fig*.  2  and  3).  Hurt  function*  tuitable  for  representing  current*  induced 
on  Sg  and  Sw  are  given  by 


w  ,r,aS3* 

0  ,  other  wi*e 


w 


where,  at  illuitrated  in  Figt.  d  and  5,  SJ*,  ya  Dot  W,  U  tke  ±  reference  triangle  or  tegmcnl 
attacked  to  ike  nth  edge  or  node.  of  a  body  or  wire,  tetpectlvely.  The  height  (length)  of  SJ* 
relative  to  the  nth  edge  (node)  of  $,,7*5  D  (IF)  it  AJ*  ,  and  (t*-  It  (il)x(veetor  from  tke  free 
node  of  Sjk  to  r).  A  wire-to-*urface  junction  U  aaiuincd  to  exitl  only  at  a  triangle  vertex.  The 
turface  divergence  of  AJ(r),  which  U  proportional  to  the  turface  charge  dcniity  associated  with 
thit  buit  function,  It 
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AjjSjr  T«fi  ,ri 
±r«x*  yuW  rh§** 


(S) 


0  ,  other  w»k. 

Keftrring  (4  Fig,  4,  the  vector  b*»»  function  a#*ecUi«J  *»!*!»  the  nth  junction  U 


.*&) 


0 


,Cth*twi»e 


(«) 


where  the  double  index  »l  refer*  to  l lx  hi*  triangle,  Si* ,  at  the  nth  Juaction.  A*(r)  and 
are  the  body  b»*wi  function  and  vectec  height,  re*pe<t|*Tiy,  a<»oeiateJ  with  the  edge  opposite  Ok 
junction  wrtex  In  $i} .  The  toul  Dux  from  the  Junction  triangle*  Into  the  wire l*  nor  walked  to 
unity  If  w*  chooee 


Ju|i 


cmi 


0.1 


fciCtT i**'  **• 


C?) 


where  0.1  h  Ok  angle  between  Ok  lw«  edgec  of  $*{  common  to  the  oik  Junction  vertex,  and  ol, 
U  Ok  *um  of  Ok  nth  junction  vertex  angle*.  M*  b  tlx  number  of  patche*  attached  to  the  nth 
Junction,  The  *utf»cc  divergence  of  which  b  proportional  to  the  autface  chMgc  dewity, 
b  given  by 


f  itf.i 


V.-^(r). 


n.t 


.ri  nSif 


.H  n  Sl- 


iD 


0  ,  other  wix, 

13k  current  o«  the  *utf«ot  Se  m*y  now  be  represented  w 

j(r)  *  ic  s 

*al  Ail 

mu)  «)k  total  axial  current  ort  the  wire  may  Ik  fcpr«<nt<4  u 
l(r)  i  «  £  l?A?(r)  +  £  llAt(r),  r  on  Sw, 


(9) 


(10) 


where  tff,  ftaB,  H',  or  J  U  the  unknown  number  of  bodie*,  wire*,  or  junction*,  rwpeetlvely. 
Koto  tb»t  according  to  (i)  uu)  (g),  the  *urf»ce  divergence,  Mid  hence  the  chMge,  b  coo*(m>(  on 
nit  body,  wire,  Mid  junction  lubdofiikin*. 


•4.  'iWIng.  Tb  enforce  the  integrnl  equation  on  S>,  one  may  Integrate  the  veetor  compo¬ 
nent  of  (I)  parallel  to  the  path  from  the  centroid  of  S*+  to  the  middle  of  the  edge  <2  end  thence 
to  the  centroid  of  S*".  A  »in!!ar  path  b  uted  on  wire*  between  the  center*  of  adjacent  wire 
segment*.  At  a  junction,  we  fitat  Integrate  the  tangential  electric  field  along  a  path  from  the 
centroid  of  each  junction  triangle  to  the  Junction  and  then  along  the  wire  axi*  to  the  center  of 
tie  attached  wire  aegment.  The  mulling  equation*  Me  then  combined  into  a  tingle  equation 
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Ax  the  Junction  by  Weighting  each  with  iKc  associated  triangle  vertex  angle,  »ml  Humming  the 
toolw  for  each  junction  patch,  E*  and  A  we  approximated  along  each  portion  of  the  path  by 
their  respective  vabjes  at,  the  Centroid*.  The  Integral  on  74  reduce*  to  a  diHercnec  of  the  Kalsr 
potential*  at  the  path  endpoint*.  With  Q,k,  y  "  0,  W,  or  J,  M  the  vector  p4h  segment,  we  thus 
have 

Ju  [  AW)  C  +  A(r£) .  C)  +  { ♦W)  -  ♦«,♦)  I 

«  +S,(rX‘Xml  (II) 

rn  ■  1,2,...,,YV  yaDecW 


and 


rr  £  <W  [p.4(rit)  •  fit  -  ♦(rit)]  +  PA(rir)  ■  +  ♦{ri“) 

“  ~r  E  +  ^i~)  •  <T,  (12) 

**  l«l 

mu  1,2,..,,  A I] 

Using  the  source  expansion  defined  in  (4)  and  (0),  we  obtain  from  (11)-(12)  a  set  of  linear 
equation*  whoac  solution  yielda  the  unknown  current  coefficient*.  A  detailed  derivation  and 
computation  of  the  ayatem  equation*  on  be  found  in  (1). 

9.  Calculation  of  Near  Field*.  Since  the  near  electric  field  is  dominated  by  the  contri¬ 
bution  of  the  acaiar  potential,  the  computed  reaull  i*  aenaitive  to  the  baai*  function  representing 
charge  denaity.  To  dentonatrate  thia  point,  two  different  baai*  function*  are  uaed  to  represent  the 
charge  denaity  and  their  computational  properties  are  illustrated. 


9.1  Charge  Representation.  The  constant  charge  density  on  the  nth  triangular  patch 
(or  wire  segment  »*‘)  it  computed  from  the  total  surface  current  out  of  a  triangular  patch  (or 
wire  segment)  by  utiliiing  the  continuity  equation  a* 


a  *  p.  Zi  7 ,  J  ta  Zi 

/a  }u 


i 

A 


and 


»r 


}<■> 


ii  * 


(13) 

(H) 


where  Jt  (a  the  outwardly  ditected  current  denait>  aero**  the  ith  edge  (with  length  of  f<)  of 
the  nth  triangle  and  A  is  the  area  of  the  triangular  patch,  If  it  the  outwardly  directed  current 
through  the  ith  vertex  (with  vertex  angle  or)  of  the  triangle,  ir  =  -71  o'  is  the  sum  of  the  vertex 
angle*  at  a  junction,  and  It  la  the  outwardly  directed  current  from  (lie  nth  wire  segment  of  length 
h.  T>  establish  a  linear  chtrge  representation,  one  can  obtain  the  charge  on  the  nth  patch  vertex 
or  wire  node  by  averaging  the  charges  in  the  adjacent  cell*  as 

5>i;  E  W 

... ,  -  J^r  « 

I  i 
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adaif,  <?  Ifjf)  it  (he  constant.  charge  tktuiiy  optbe  Jlkpt.uk  with  area  Aj  (win  wrgmecd,  with 
knj/.S  hj)  attached  to  th$  nth  VA?  vertex  film  noac).  A  li tad  reprountailen  of  the  charge 
i/A>s>Zf  Va  a  trlangubr  patch  (win  l«  thu*  obtained  w  »,  linear  comblasib*  of  the 

'ebsrge  niatzu  three  rular  wtlma  (two  tvfre  node*} : 

ftVEJlA  *»4  is  '2 fs »**'■.  where  0  a  i-fi.  .  (te) 

**s  <•;  "* 

The  scalar  pols/itUl  of  (5)  thyn  become* 


p  •*  y  f  1 1  rjtVl 

k 4  «  kU *«pj * ( }  « 

_L  i  y'  'r  »*•  /  a  *  v*  ■ ih  «**•  f  *>  —~is- 

**«ifesr  4  *  *  Jv*m  «  yj 


?  U~i 


on 


Sinf4  thi  magnitude  of  tlx  normal  ekcrrlc  IWI4  la  proportion*!  to  the  surface  (huge  dsntiiy,  the 
count  :mi  eh arge  representation  w-ii  'tm  a step  diacootinult;/'  In  the  noer.ut!  electric  field  directly 
the  aurfn?n,  *W«m  l h*  ‘linear  charge  ccpc*acnte!«m«  produce*  n  smooth  (linear)  variation 
of  the  normal  component.  Tlx  dinadvanlage  of  the  numerical  aroeothihg  U  that  It  taVec  placet 
cw  wti/zr,  tot  charge,  ahpord  not  ho  smooth,  web  u  at  cJgm  e;  war  source*.  In  addition,  0*4 
smoothing  provided  by  the  linear  charge  reprosentattoo  Undo  to  lower  th#  pen**  and  elevate  th« 
valloy#  la  ibe  charge  diatrliuilon  wheri  tl*  sampling  derwlly  la  low.  In  these  cases,  Hone  !gnc;»* 
•h%  *Up  dlaccsttotrUk*,  the  constant  charge  reprwwntstloo  may  provide  more  rcs/bnabW  result*, 
and  foe  this  mason  the  toiwtant  charge  representation  U  made  a;t  option  In  ih*  cod*.1 

The  B:0o«i<*lly  computed,  tangential  electric  field  at  s  surface  U  even  pcieror  behaved  than 
the  aof.no!  component.  The  computed  tangential  field  la  theoretically  Infinite  at  discontinultlm 
either  In  the  chargi  or  la  lu  slope-only  charge  bank  function*  with  coatlauoua  derivative*  cast 
produce  a  amonih  tangential  field;  unfortunately,  such  be*!*  functions  would  demand  that,  the 
current  have  crecnd  derivative  continuity.  The  tangential  field  computed  from  linear  charge.  di» 
trlbutioit*,  however,  Jo«  eyyearlo  be  cooaidtrabiy  arnoothe;  than  that  of  plecersix  conaianl 
reprrweatottoiM.  And  the  iafinitka  eta  be  eliminated  If  fmin  differencer  art  need  to  approxi¬ 
mate  the  gradient  of  the  acalar  potential;  aince  the  aealar  potential  la  arnooth,  lt$  difikencea  art 
guaranteed  to  be  finite.  For  ibla  rcaaon,  the  finite  difference  approach  dcacrUrcd  In  the  following 
eeetlon  [a  uaed  h  (lie  code. 


S.2  Nc#:-  Fluid*  Reprecentatloa.  The  vector  and-Kalar  potential*  a  and  ^  may  be  coJ- 
culjted  at  any  point  In  space  according  the  formulae  of 'the  prevloua  cectloc.  Finite  .iifecer.cea 
mey  llien  be  uaed  to  approximate  the  gradient  and  curl  operating  or,  acslar  and  vector  potentiate, 
asd  hence  to  determine  the  near  eleeirle  and  magnetic  field*  it  >  ^jven  point,  fm  example,  lire 
x-  component  of  slectrle  field  can  he,  apprmunuted  as 

St  —  —ju)At  +  ~  K!  -j'jAt 
M  ”^’tid/(*’r4*,y,j)  t  A,(*-Ax,y,r)j 

•F.g %zMr +&*,*,*)  $(x-/or,p,:)]|,  (18) 

and  aimllarlly  for-  the  z-  component  of  magnetic  field, 

'NvIUmv  ;'m  rivet* ut  coMtaat  set  tie  pi* «*!*«  liwu  nfevatniallea  can  rnvUi  much  InfeewaUon  In  the 
M«r  MtkUKuheed  of  m  «da«  ita«  lit  aetwd  aUetrle  Md  ia  tagnltc  tint  aad  a  alogular  Uu  fuoctloa  U 
nnuind  ifc  svjeoiueo  liia  behavior  comedy. 
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(19) 


„  *  n  ,  fOA.  0A.\  l  (&A, 

H  H  \*l l  Os  J  ft  \ 

*  j*  {  53 -  M* (*•  V  +  s)  -/<,(*,*-  Ay,  *)) 

-  52T  I'M*.  *  *' +  &i)  -  A,{«,  *,  *  -  As)) } . 


JUNCTION  always  compute*  scalar  Mid  vector  potentials  simultaneously,  and  hence  to  avoid 
excessive  compulation  when  only  the  vector  potent!*!  »l  (*,y,  i)  is  needed,  It  is  approximated 
by  |U  average  »t  the  nc!|hbo«In|  points  (i  ±  Ax , y dt  Ay, :  ±  Aj). 


6.1  Current  and  char  ye  distribution*.  Fig,  7  illustrate*  the  current  distribution  near  the 
junction  of  a  circular  disk  and  a  monopole  attached  at  the  center  and  Inclined  at  an  angle  of 
30*  to  the  disk  axis.  The  length  of  the  monopole,  and  the  radius  of  the  disk  are  a  a  0.333k. 
The  radius  of  the  monopole  (era  0.00  i  o.  The  result  I*  compared  with  the  current  distribution 
obtained  by  solving  a  magnetostatic  field  Integral  equation  for  an  Infinite  disk  with  a  similarly 
inclined  semi-infinite  filamentary  current  attached  to  it*  center  [4],  Since  the  magnetostatic  re¬ 
sult  gives  the  shape  but  not  the  magnitude  of  the  current  distribution,  a  complex  normalising 
constant  is  chosen  *o  that  the  magnetostatic  current  Interpolate*  the  dynamic  result  at  one  point. 
Also  shown  is  the  uniform  distribution  that  would  result  from  taking  the  current  in  the  wire  and 
distributing  it  uniformly  about  the  disk.  Figs.  8  and  9  show  the  computed  current  distributions 
on  a  circular  cylinder  with  monopole*  attached  to  the  center  of  each  endcap  and  driven  at  the 
attachment  point.  Measured  result*  by  Cooper  ($}  are  shown  for  comparison.  The  diameter  and 
the  height  of  the  cylinder  are  0.25k  or  0.5k,  The  wire  radius  is  0.007k  and  the  length*  are  0.125k 
or  0.25A.  Charge  distributions  corresponding  to  these  similar  cases  are  shown  in  Fig*.  10-12. 

0.3  Input  Impsdance.  Fig.  13  show*  the  input  admittance  as  a  function  of  frequency  for 
a  monopole  attached  to  the  center  of  a  flat  plate  and  fed  at  the  attachment  point.  The  length  of 
the  monopole  is  0.421  m,  it*  radiu*  is  0.0008  m,  and  it  it  oriented  normal  to  the  0.9M  m  square 
plate.  The  results  are  compared  with  those  calculated  and  measured  by  Newman  and  Pour 
[6].  In  Fig.  14  I*  illustrated  the  input  impedance  versus  frequency  of  a  monopole  inclined  at  an 
angle  of  60*  from  normal  and  attached  off-axis  on  a  circular  disk.  The  results  are  compared  with 
measurements  by  Marin  and  Catedra[7]. 

6.3  Far  Field.  Fig.  15  shows  a  0.25k  monopole  mounted  on  a  sphere  with  radiu*  0.2k.  The 
compared  results  are  computed  by  Tssch*  (8),  Fig.  16  shows  the  radiation  pattern  of  a  wire  of 
length  0.5k  and  radius  0.007k  attached  to  a  circular  cylinder  with  diameter  and  height  0.25k. 
The  measured  results  shown  for  comparison  are  by  Cooper  (5). 

6.4  Near  Field.  Fig*.  17  and  18  present  numerical  results  for  normal  electric  and  tangen¬ 
tial  magnetic  fielda  along  a  circular  cylinder  on  a  perfectly  conducting  ground  plans  with  a 
monopole  attached  to  the  center  of  its  endcap.  A  unit  voltage  soutet  drives  the  monopole  at 
the  attachment  point.  The  cylinder  radius  and  height  are  both  0.0617k;  the  radiuc  of  the  wire 
it  0.001k  and  its  length  is  0.218k.  Results  computed  by  Tsai  [9]  baaed  on  a  Fourier  transform 
approach  for  treating  the  wire  and  the  use  of  a  aet  of  equivalent  current*  for  the  body  are  shown 
for  comparison. 

Fig.  19  illustrate*  the  geometrical  parameters  for  a  circuit:  coaxial  resonator,  the  resonant 
field*  for  which  ate  considered  in  Figs,  20-24.  The  inner  conductor  of  the  coaxial  line  is  a  thin 
wire.  The  cavity  radius  it  1  m,  the  length  of  the  wire  is  2  m,  its  radius  is  0.001  m,  and  it 
is  attached  to  the  centers  of  the  top  and  bottom  plate*  of  the  circular  cavity.  This  problem 
serves  at  a  rigorous  test  of  the  near-field  computational  capabilities  of  the  code  since  a  closed 
form  solution  for  the  cavity  field*  exists  and  since  the  geometry  includes  a  thin  wire,  a  curved 
surface,  and  a  wire-to-surface  junction.  Questions  of  solution  accuracy  and  difficulties  with  the 
large  matrices  needed  to  very  accurately  model  the  geometry  can  be  eliminated  since  the  cavity 
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current*  arc  known  In  closed  form  and  cut  be  given  m  input  value*  to  the  subroutine*  u«d  to 
compute  the  new  field*.  Thu*  any  Inaecurneie*  in  thi*  computntlon  nre  due  solely  to  error*  in 
geometry  modeling  utd  in  approximating  the  current  with  bui*  function*. 

Fig.  20  *how*  the  ^component  of  the  m*gnetlc  held,  //*,  for  TMn«  mode*  of  the  coaxial  line 
cavity,  along  the  dashed  line  from  point  C  to  point  D  of  Fig.  IS.  To  illu*tr»tc  the  dependence 
of  the  electric  field  nc*t  it  conductor  on  the  charge  expansion  function*,  the  axial  component  of 
the  electric  field,  juit  above  the  conductor  plate,  ha*  been  computed  along  the  daahed  line 
from  point  A  to  point !).  The  radial  component  of  the  electric  field  near  the  inner  conductor  ha* 
al*o  been  computed  along  the  da*hed  line  from  A  to  C.  In  Fig*.  21-24,  we  *«c  that  tince  the 
magnitude  of  the  normal  electric  field  i*  proportional  to  the  *urf*ce  charge  dennity,  the  constant 
charge  representation  produce*  a  ttep  discontinuity  in  the  norma]  electric  field,  wherea*  the 
linear  charge  repre*entation  produce*  an  averaging  effect  which  tend*  to  Mnooth  out  the  »tep 
dircontinulty.  A*  with  any  *mooth!ng  procow,  however,  the  peak*  and  valley*  in  the  charge 
dlttribution  will  not  be  faithfully  reproduced  if  the  *pal!al  resolution  i*  not  sufficiently  great. 
The  accuracy  can,  of  course,  be  improved  by  subdividing  the  region  into  (mailer  subdivision*. 
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Abefcractt 

The  modelling  of  myltiaxial  discontinuities  i»  cos  of  the  moat 
challenging  problems  in  microwave  circuit  analysis.  Sscent 
advancer  In  computers  and  numerical  techniques  have  made 
solutions  to  basic  field  structures  possible  and  these  have  great 
potential  for  solving  microwave  circuit  problems,  of  the  several 
methods  available  the  Trsnmission  bine  Matrix  is  attractive 
bwcsuse  it  offers  highly  flexible,  mathematically  straight¬ 
forward  ssthbd  c£  solving  the  general  thrse  dimensional  bounded 
structure  that  is  common  in  microwave  circuits.  The  purpose  of 
this  paper  ia  to  illustrate  tha  practicality  of  the  TLM  method 
with  a  realistic  microstrip  problem,  Then  to  *Kbw  the  most  recent 
improvements  to  the  basic  algorithm  and  to-discuss  the  potential 
application*  c£  this  method  taking  into  account  future  improve¬ 
ments  in  CPU  power. 


TUt  Sasic* 


The  Transmission  Line  Matrix  (TLM)  method  car,  be  categorized  as 
a  finite  difference,  time  domain,  modelling  technique.  It  uses  a 
network  analogue  approach  to  solving  Maxwell's  equations  in  time 
and  spac*.  This  analogue  is  based  on  the  commonly  known  equiv¬ 
alence  between  the  inter-relationship  of  propagating  electro¬ 
magnetic  fields  and  that  of  voltages  and  currants  along  trans¬ 
mission  lines  (1,2).  The  method  employs  a  mesh  of  nodes  inter¬ 
connected  with  uniform  transmission  lints  that  modal  the 
electro-magnetic  properties  of  the  original  structure.  This 
leads  to  a  general,  elegant  algorithm  that  tracks  tha  time 
domain  propagation  of  impulse  functions  through  tha  network. 
Thus,  the  equivalence  of  voltages  and  currents  in  the  network  to 
electric  and  magnetic  field  quantities  produces  the  desired  field 
solution. 

The  correspondence  between  circuit  end  field  parameters  can  be 
illustrated  by  considering  the  TLM  node  structure  as  originally 
proposed  by  Johns  (3).  Each  point  in  space  is  approximated  by  a 
small  cub*  as  shown  in  figure  la.  In  turn  each  cubs  consists  of  3 
series  and  3  shunt  nodes  connected  by  transmission  lines  (figure 
lb) .  The  two  types  of  nodes  arc  shown  in  more  detail  in  figures  2 
and  3.  in  each  case  the  short  interconnecting  transmission 
lines  ere  approximated  by  LC  equivalent  circuits.  Application  of 
Kirchoff's  laws  at  these  two  junctions  yields  differential  equat¬ 
ions  relating  the  voltages  and  currents.  Comparison  of  the  equat¬ 
ions  in  figure  2  shows  a  direct  analogy  of  voltages  and  currants 
in  the  network  with  electric  and  magnetic  fields  as  described  by 
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Maxwell* s  equations.  The  >U«  can  be  seen  in  the  equations  for 
figure  3.  Mote  also  that  svsn  chough  each  node  is  2  dimensional, 
th«  interconnection  pattern  shown  in  figure  lb  provides  i  nodss 
for  ssch  basic  cubs  which  srs  oriented  in  a  way  that  completly 
describe  chs  it  and  K  fisld  components  in  3  dimensions,  Fur¬ 
thermore,  local  permeability,  permittivity  and  boundary  con¬ 
ditions  can  bs  addad  to  aach  nods  by  tha  extra  terms  Zxx  and  Gyy 
in  figures  2  and  3  (4).  A  more  comprehensive  explanation  of 
these  concepts  can  be  found  in  two  excellent  review  papers  (4,5). 

The  TIM  algorithm  simulates  time  variation  by  computing  the  prop¬ 
agation  of  impulse  functions  through  tha  3D  network  at  success¬ 
ive  time  intervals.  Starting  frost  an  approximate  excitation,  tha 
algoritta  computes  how  incident  pulses  are  reflected  at  each 
series  node.  Mathematically  this  is  a  scattering  computation 
which  takes  into  account  the  local  permeability,  permittivity 
and  boundary  conditions  (<).  Since  tha  series  and  shunt  nodes 
alternate  through  the  mesh,  these  reflected  pulses  automatically 
become  tha  incident  pulses  to  tha  shunt  nodes.  The  time  step  is 
completed  by  computing  tha  scattering  at  tha  shunt  nodes  in  a 
manner  similar  to  tha  series  case.  Thesa  two  scattering  pro¬ 
cedures  represent  tha  core  of  the  TLM  algorithm  and  it  is  because 
thesa  are  so  very  simple  that  this  can  be  an  efficient  numerical 
method. 

output  data  from  the  simulation  can  be  applied  in  a  variety  of 
ways.  All  «  E  and  X  field  quantities  can  be  computed  ct  each 
node  and  for  each  time  step.  So  the  question  is  not  what  data  is 
available  but  rather  what  data  is  tha  most  useful. 

An  Example  Circuit 

Tha  microstrip  cavity  shown  in  figure  4  is  used  to  illustrate 
applications  of  the  TLM  method  in  microwave  circuit  analysis. 
This  structure  was  chosen  because  it  has  been  analysed  before 
(7),  so  it  is  relevant  for  comparative  purposes  and  is  realistic 
without  being  unduly  complex.  The  problem  is  broken  down  into  a 
uniform  mesh  that  contains  7x7x10  nodes  in  the  (x,y,x)  dir¬ 
ections.  A  magnetic  wall  is  used  in  the  y,i  plane  to  exploit  the 
plane  of  symmetry  through  the  centre  of  the  microstrip  line. 
This  is  particularly  helpful  as  it  reduces  the  number  cf  nodes 
needed  by  one  half. 

The  model  is  stimulated  with  unity  value  impulse  functions  for  Ey 
on  all  nodes  in  the  dielectric  and  beneath  the  microstrip  line. 
Then  the  time  stepping  algorithm  is  allowed  to  run  for  400  iter¬ 
ations.  Table  1  shows  a  summary  of  the  memory  requirements  for 
this  problem. 


54 


Table  X 


‘Quantity 

Beals 

Total 

Space  nodes 

€40 

26 

16,640 

Time  iteration* 

400 

1 

400 

Total  Iteal  Data 

wmnmmM 

17,040 

Summary  of  Data  Storage  for  the  Example  Circuit 


The  output  Is  tabulated  at  each  tine  step  for  Ey  at  the  node 
2,5,6  under  the  mlcroserip.  Then  this  data,  which  is  a  time 
sequence  of  the  impulses  that  travelled  through  that  node,  is 
Fourier  transformed  into  the  frequency  domain  (figure  5}. 

The  results  show  a  resonance  at  a  normalized  frequency  of  0.085 
which  compares  favorably  with  the  results  of  other  computations 
(7)  and  measurements  (8].  The  frequency  normalization  factor  is 
dL/v  where  dL  is  the  spatial  step  size  and  v  is  the  propagation 
velocity  in  the  TIM  mesh  structure.  Fox*  most  applications  this 
is  a  simple  linear  factor  but  car «  suit  be  taken  as  this  can  be 
non-linear  in  cases  where  the  dispersion  of  the  TIM  mesh  is 
significant  (5]. 

There  are  other  computations  possible  with  the  abundance  of  field 
information  that  is  available  with  this  method.  h  simple 
extension  of  the  procedure  above  forms  a  practical  method  of 
characterizing  one  port  discontinuities  [9}.  The  length  of  the 
cavity  is  increased;  then  Ey  field  data  is  extracted  from  a  line 
of  nodes  parallel  to  the  axis  of  propagation.  After  Fourier 
transformation  this  data  is  analagous  to  the  standard  vswp. 
measurement  using  a  slotted  line. 

The  calculation  of  circuit  parameters  for  2  port  structures  is 
also  possible  though  more  complicated  {10,11}.  The  first 
reference  uses  a  contour  integral  of  the  H  field  and  a  line 
integral  of  the  E  field  to  compute  the  circuit  voltages  and 
currents.  The  second  uses  a  Foynting  vector  approach  to  compute 
power  waves  and  hence  the  scattering  parameters.  Both  methods 
are  subject  to  some  approximation  concerning  non-TEM  modes. 

Finally  table  2  shows  a  comparison  of  run  times  for  the  example 
circuit  on  different  machines.  Computer  power  has  increased  by 
more  than  ten  times  in  the  last  fifteen  years  and  thus  these 
types  of  computations  have  become  practical  on  a  personal 
computer. 
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Table  2 


CPU 

Time 

Vintage 

Ha in  Frame 

mins : secs 

year 

ZCL  190IA 

15:00 

1976 

IBM  370 

PC 

1:30 

1982 

IBM  PC 

13:09 

1912 

IBM  Model  SO 

1:49 

1911 

summary  of  Computation  Times  f or  the  Example  circuit 
Enhancements  to  the  Algorithm 

The  TLM  algorithm  is  very  simple  and  in  its  most  basic  form  is 
available  in  less  than  200  lines  of  rostran  (10).  Enhancements 
fall  into  two  basic  areas.  First  the  input  and  output  capabil¬ 
ities  of  the  research  oriented  programs  are  very  limited  and  so 
pre-  and  post-processor  arrangements  are  valuable  extensions. 
Second  (and  more  fundamental)  are  the  improvements  to  the  algo¬ 
rithm  itself  which  lead  to  greater  accuracy  or  speed  or  both. 
Two  Important  schemes  follow  which  deserve  further  discussion: 

In  any  finite  difference  approximation,  accuracy  can  be  improved 
by  reducing  the  step  sixe  of  the  mesh.  Unfortunately,  this  is 
usually  not  very  practical  because  as  the  step  size  decreases  the 
number  of  nodes  increases  dramatically  with  a  corresponding  in- 
create  in  CPU  and  memory  requirements.  However,  it  is  common  that 
high  accuracy  is  only  needed  in  certain  regions  of  a  problem 
where  the  boundary  structure  is  complicated  or  where  the  field 
gradients  are  large.  Zn  this  case  a  mere  practical  approach  is 
to  employ  a  graded  mesh  scheme  that  provides  for  high  resolution 
in  only  some  areas.  Such  a  scheme  has  been  applied  to  the  TLM 
method  and  is  surprisingly  easy  to  implement  (13).  The  cross 
section  shown  in  figure  6  illustrates  how  this  technique  can  be 
applied  to  microstrip  circuits.  The  grading  scheme  there  rep-> 
resents  a  40%  reduction  in  the  number  of  nodes  when  compared  with 
a  comparable  linear  grading. 

A  new  symmetric  condensed  node  has  rscsntly  been  developed  by 
Johns  (14).  Zt  is  shown  in  figure  7  and  consists  of  a  single 
rather  complex  junction  of  the  6  interconnecting  lines,  which 
are  organized  as  pairs  of  balanced  transmission  lines  orthogonal 
to  each  other.  Zn  one  sense  this  modal  is  more  abstract  than  the 
earlier  expanded  node  model  but  it  has  several  advantages.  In 
the  expanded  node  (  figure  1  )  the  separation  of  the  series  and 
shunt  nodes  means  that  some  boundary  conditions  are  misaligned 
because  they  are  controlled  by  nodes  that  are  cn  opposite  sides 
of  the  cube.  The  new  node  condenses  all  the  field  components  into 
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on*  point  in  space  to  avoid  auch  difficultiaa  and  ia  superior  to 
previous  condensed  nod*  formulation*  which  war*  asymmetric. 

Finally  it  ahould  be  not*d  that  th*  cor*  of  th*  TIM  method  ia  th* 
scattering  computations  that  occur  at  *ach  nod*  and  in  «ach  tim* 
atop.  Thia  amount*  to  a  mere  (0  lin*  of  Fortran  in  Akhtartad's 
original  program  (12]  and  ao  could  b«  earafully  optimised  for  ua* 
on  a  particular  computer.  Nor*  significantly  though,  ia  th* 
poaaibility  of  implementing  thia  algorithm  on  a  largo  parallel 
computer.  Th*  scattaring  at  *ach  nod*  d*p*nda  exclusively  on 
local  data  and  can  b*  handled  in  parallel  with  a  email  overhead 
for  coasaunicating  th*  impulses  b*tw*«n  adjacent  nodea  at  th*  end 
of  each  tim*  atop. 


Suasaary  of  strengths  and  WmIummi 

Xt  is  tru*  that  th*  TLM  method  ia  attractive  to  microwave 
•ngin*«ra  becaua*  th*  circuit  analogue  is  rather  familiar.  Xn 
addition,  th*  general  nature  of  the  field  computations  and  th* 
guaranteed  stability  are  very  important  attributes.  other 
important  strengths  of  thia  technique  are  the-  ability  to 
identify  electrical  network  parameters  which  can  be  utilised  in 
more  traditional  CAD  procedures  and  the  ability  to  simulate  a 
rang*  of  frequencies. 

The  main  weakness  of  the  TLM  method  ia  th*  necessity  of  choosing 
some  initial  condition  and  th*  uncertainty  associated  with  the 
number  of  steps  needed  to  reach  a  required  accuracy.  However,  in 
practice  these  are  not  as  limiting  as  might  first  be  expected  for 
two  reasons.  First,  most  problems  have  a  known  dominant  mode 
which  can  be  used  as  a  good  initial  condition.  Second  the  method 
is  absolutely  stable  so  iteration  tim*  can  be  made  very  large  to 
start  with  and  reduced  as  required. 

Accurate  solutions  to  microwave  discontinuity  problems  may  now  be 
possible  with  modern  numerical  techniques.  Furthermore  th*  trend 
towards  more  powerful  computers  means  that  general  purpose  models 
which  retain  physical  interpretation,  such  as  the  TLM  method, 
will  become  more  attractive  as  th*  computational  overhead  factor 
decreases. 
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DETAIL  OF  SERIES  NODE  DETAIL  OF  SHUNT  NOOE 
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Department  of  Electrical  Engineering 
200  Broun  Hall 
Auburn  University,  AL  3644V 


In  this  p«p*r  we  apply  the  TLM  method  to  Uvc  problem  t/t 
determining  the  frequency  characteristics  of  passive  micr®itrlp 
circuit  elcmcnti.  A  pula*  excitation  l<  used  to  excite  the 

structure,  The  frequency  domain  Information  It  then  obtained  via 
the  FIT  of  the  Input  pul**  and  the  output,  From  thl*  data  the 
frequency  dependence  of  the  structure  can  be  determined  over  a 
broad  frequency  range.  There  ire  several  advantages  to  this 
technique.  The  first  being  that  a  single  analysis  using  a  pulsed 
excitation  yields  frequency  Information  over  a  broad  bandwidth. 
Secondly,  since  the  method  It  completely  three  dimensional  and 
material  parameters  can  be  specified  arbitrarily  through  the  mesh, 
complex  structures  can  be  analyzed.  In  addition,  there  Is  no  need 
to  know  a  Green's  function  for  the  specific  problem  at  hand.  The 
method  Is  also  very  general  and  efficient— r»  reformulation  Is 
required  for  different  geometries;  only  the  Input  data  requires 
modification. 
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IKTKOOOCTiON 

TJvt  ever  Increasing  uw  of  mkroetrlp  and  strip)  In*  type 
transmission  line*  in  microwave  ami  hybrid  cfecults  at  higher 
frequencies  end  twitching  tf  »*de  has  Serf  to  the  heed  for  a  full  wart 
electromagnetic  analysis  cf  (Wt  structure*  for  tha  prediction  of  their 
electrical  properties.  The  ;;oeiiy  procedure  of  building  and  letting 
such  structures  or,  an  iterative  basis  hat  led  to  the  need  for  efficient 
computer  algorithm*  for  w*e  In  'M  design  stage*  of  these  devices. 

At  lower  operating  frequencies,  quasi-static  analyses  oftca  give 
results  that  are  quite  satisfactory  |l].  However,  as  the  frequency 
Increases,  the  ncn-TEM  nature  of  the  structures,  becomes,  more  pronounced 
•;td  the  quasi-static  techniques  begin  to  break  down.  Since  It  is  not 
exactly  clear  at  what  frequency  this  occurs,  great  caution  must  lie 
exercised  so  as  not  to  use  these  methods  when  they  are  not  valid. 

In  order  to  overcome  this  problem,  a  full  wave  three  dimensional 
solution  of  Maxwell's  equation?  becomes  necessary.  The  method  'tiosca 
should  be  efficient  and  general  enough  to  adapt  to  different  geometries. 
We  have  applied  the  transmission  line  matrix  (TLM)  method  to  the 
analysis  of  these  structurer.  Preliminary  investigations  have  shown 
that  the  TCM  method  Is  capable  of  predicting  dispersion  In  mlcrostrlp 
type  transmission  lines  as  well  as  the  characteristics  of 
discontinuities  and  coupled  systems  12).  In  this  paper,  we  present 
further  results  on  the  TLM  analysis  of  passive  mlcroetrlp  components. 

THE  TLM  METBOO 

The  TLM  method  works  by  modeling  a  portion  of  space  with  a  mesh  of 
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Interconnected  tranemleelon  lines.  Voltages  currents  on  the 

transmission  lines  are  used  to  calculate  the  electric  and  magnetic  field 
quantities  »1*  well  known  equivalences,  A  three  dimensional  TtX  cell  It 
shown  In  Figure  I.  An  area  of  space  Is  dlseretlxed  us  Inc  many  of  these 
cells.  Boundaries  and  material  parameter*  arc  modeled  by  the  addition 
of  Inductance,  capacitance,  and  resistance  to  the  transmission  lines  In 
each  ceil.  The  time  domain  Impulse  response  of  the  three  dimensional 
transmission  line  mesh  If  calculated  by  stepping  In  lime  with  alt  six 
electromagnetic  field  components  available  at  the  center  of  each  cell  at 
each  time  step.  Ibis  time  domain  transfer  function  can  then  be 
convolved  with  a  deelred  excitation  function  or  Fourier  transformed  to 
yield  the  deelred  electromagnetic  field  data.  (4) 

Miaasmt  LINK 

The  basic  geometry  of  a  simple  mlcroctrip  transmission  line  It 
shown  In  Figure  2,  Because  the  fields  occupy  both  the  dielectric  and 
the  air  above  the  strip,  the  mlcrostrlp  line  displays  dispersive 
behavior.  Alto,  although  at  low  frequencies  the  propagating  mode  can  be 
approximated  by  a  7D1  field  distribution,  the  actual  propagating  mode  Is 
a  TE  mode.  In  order  to  accurately  model  a  mlcrostrlp  line,  the  modeling 
technique  must  be  able  to  account  for  tlie  dispersive  properties  of  the 
line  as  well  as  the  non-TOd  propagating  mode. 

To  demonstrate  the  TLM  modeling  of  microstrip  lines,  a  single 
mlcrostrlp  with  w  ■  25  mils,  h  *  25  mils,  and  cp«  10  was  modeled  with 
our  throe  dimensional  TUd  program,  in  order  to  terminate  the  finite  TUd 
mesh  without  Introducing  non-physical  reflections  we  have  developed  a 
perfectly  absorbing  boundary  condition  which  works  for  Inhomogeneous 
anisotropic  spaces.  Figure  3  shows  the  time  domain  response  for  the  y 
directed  electric  field  component  directly  beneath  the  strip  at  several 
points  along  the  mlcrostrlp  line.  The  dispersive  behavior  or  the 
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Fig.  I.  Symmetric*!  Condensed  TU4  Node 
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SINGLE  MICROSTRIP 

ZHOi,  404,  604,  804,  1004,  AND  1804 
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Fig.  3.  Tbtt-OwMia  Propagation  aion*  Kicrottrip. 
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mlcroetrlp  Him  cmm  the  pul**  ,0  distort  u  H  propagate*  atong  the 
Him  end  clearly  the  TIM  method  ho*  mordsled  this  behavior. 

lit  order  to  Investigate  the  propagating  mode  characteristics,  we 
have  examined  the  x  component  e f  the  electric  and  magnetic  fields  midway 
between  the  strip  and  ground  plane  at  a  function  of  frequency.  711000 

results  are  given  in  Figure  4  and  It  Is  evident  that  the  propagating 

mode  Is  mainly  TE,  becoming  more  so  with  Increasing  frequency. 

The  time  domain  data  In  Figure  3  demonstrates,  In  a  qualitative 
way,  the  dispersive  characteristics  of  mlcrostrlp  transmission  lines. 
In  order  to  produce  useful  design  data,  however,  It  Is  often  useful  to 
examine  frequency  domain  data.  For  this  reason,  we  have  calculated  the 
propagation  constant  0  («2x/A()  versus  frequency  for  a  mlcroetrlp  tine 

of  w/h  "  1.0.  h  «  1.27  mm.  The  results  are  shown  in  Figure  S  along  with 

data  presented  In  111  for  substrate  permittivities  of  4.2cf  and  20c^. 
The  values  for  normalised  guide  wavelength  agree  within  a  couple  of 
percent.  This  agreement  is  very  good  considering  that  a  very  coarse  TLM 
mesh  was  used  for  the  analysis  (the  dielectric  was  only  6  cells  deep). 
It  is  Interesting  to  note  that  these  curves  were  calculated  using  a 
stepped  Impedance  boundary  technique  (6)  which  allows  an  arbitrary 
length  of  mlcrostrlp  line  to  be  modeled  using  only  two  cells  In  the 
propagation  direction. 

Next  we  investigated  the  calculation  of  the  characteristic 
Impedance  of  microstrip  lines  with  the  TLM  method.  We  have  defined  the 
characteristic  impedance  of  the  mlcrostrlp  as  follows: 

ZQ  -  ivi/ut 

where  V  Is  the  voltage  between  the  center  of  the  strip  and  the  ground 
plane,  and  I  is  the  current  In  tha  strip.  Tha  voltage  Is  calculated  by 

Integrating  the  TUI  calculated  electric  field  along  a  line  between  the 
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•trip  and  (round,  1  I*  calculated  by  Integrating  the  magnetic  field 
•bout  a  path  »nc  losing  the  atrip.  Result*  for  several  W/H  ration  for  a 
subetrate  of  Cf«  2.4  are  shown  In  Figure  6.  The**  are  plotted  on  a 
curve  liven  by  Yoehlda  and  Fukat  In  (7). 

In  ordor  to  compare  our  reeutu  with  the  results  of  measurements, 
we  have  examined  the  burled  mlcroetrlp  line  shown  in  Figure  7.  Thlt 
geometry  was  analysed,  and  measured  result*  were  presented  In  II).  The 
results  fsr  the  characteristic  Impedance  from  a  moment  analysis  yielded 
39.417  Q  Integration  of  the  TL M  calculated  field  utlng  a 

voltage/current  definition  for  the  characteristic  impedance  yielded  a 

value  of  39.55  Q.  i/hert  results,  and  values  for  the  static  capacitance 
of  the  structure  art  shown  In  Table  I. 


TABLE  I 


Method 

C  (pF/cm) 

Z .  (0) 

O 

MOM 

2.62 

39.43 

TLM 

2.61 

39.55 

Measured 

2.48 

- 

BmauLBEvaoPMEyrs 

In  order  to  get  the  full  benefits  of  the  full  wave  three 
dimensional  analysis  techniques  such  as  TLM,  they  must  be  Incorporated 
Into  user  friendly  CAD  circuit  packages.  Many  of  the  CAD  packages 
available  today,  GREENFIELD,  for  example,  use  quaai-statlc  techniques 
for  the  analysis  of  transmission  lines  and  discontinuities  which  have 
been  shown  to  loee  validity  at  higher  frequencies.  Thus,  ws  are  working 
on  implementing  the  TLM  analysis  of  these  structures  Into  already 
existing  CAD  packages. 
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Of  the  presently  available  CAD  package*  that  do  not  u*e  utilize 
quail-static  analyses  for  the  electromagnetic  analyst*,  many  are 
restricted  In  the  type  of  passive  components  that  they  can  model.  One 
of  the  main  advantages  of  TLX  Is  that  the  geometry  of  the  device  under 
consideration  can  be  quite  arbitrary.  Tor  example,  layered  lines  In 
layered  media  are  easily  modeled.  Also,  three  dimensional 
discontinuities  such  as  wire  bonds  or  via*  can  be  modeled  rather  easily. 
As  an  example  of  a  three  dimensional  discontinuity,  a  wire  bond,  Is 
shown  In  Figure  8.  Figure  9  shows  tit*  response  at  the  Input  port  to  a 
35ps  rise  time  voltage  step.  Comparison  of  this  waveform  wlih 
preliminary  data  measured  with  a  time  domain  reflectometer  (TDR)  shows 
reasonable  agreement.  We  art  currently  making  more  refined  measurements 
of  several  structures  for  comparison  with  TtX  calculated  data. 

amuses 

We  have  presented  our  results  for  the  analysis  of  passive  microwave 
devices  using  the  TLM  method  of  electromagnetic  analysis.  Comparison 
with  other  methods  and  measurements  where  available  has  been  very 
favorable.  The  advantages  of  the  TLX  method  He  In  the  Tact  that  the 
method  produces  a  full  wave  three  dimensional  solution  to  Maxwell's 
equations.  In  addition,  the  method  Is  simple,  general  (the  TLX  program 
used  for  the  results  In  this  paper  has  been  used,  without  modification, 
to  predict  the  EMP  response  of  aircraft  and  buildings  simply  by  changing 
the  Input  data),  and  efficient.  The  simplicity  and  generality  of  the 
method  has  led  us  to  work  on  Incorporating  the  TLM  method  into  existing 
CAD  packages  for  microwave  and  hybrid  circuits. 
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Ah* tract 

The  field  theoretic  toft  were  USTJCC  -  Effcia  [1]  he*  been  shown  to  give 
aocte-ate  result*  for  tUC  and  ffUC  circuit*,  eg.  [2).  It  i*  a  Modification 
of  the  warn nt  eeithod  for  linear  antenna*  [3]  and  require*  the  solution  of  a 
Matrix  aquation. 

For  la rye  circuit*,  eg.  lange  ooiglar*  and  spiral  tran*fosear»,  the 
mtrix  tiae  can  be  up  to  3M  X  9W  and  take*  vp  tufcstanltal  aaouqts  of 
ooaputer  time,  especially  if  a*ny  frequency  point*  are  required. 

A  tiwple  tay  to  enhance  the  ooaputing  speed  is  to  select  a  fee  fre¬ 
quency  points  far  an  accurate  solution  by  the  tutrix  equation.  The  fre¬ 
quency  points  not  ooaputed  with  such  solution  are  salved  by  interpolation 
through  the  variational  principle. 

The  variational  principle  for  two  linear  antennas  a  and  b  is  the 
well  known  forwula  [4], 

zah  "  rV  F  **  *  W 

*  “  *b 

Tix*  variational  foreula  for  ICC-ltAC  circuits  Is  the  sa a*  except  that  a 
and  b  represent  parts  of  the  clroulVc.  The  variational  farxula  gives 

accurate  results  provided  that  the  currents  I*1  and  (generating  £*} 
are  approxixately  known.  With  the  selected  frequency  points  accurately 
ooeputed,  as  Mentioned  in  the  last  paragraph,  it  is  a  slaplo  Matter  to  find 

the  approximate  currents  7*  and  f*  at  the  Intermediate  frequencies,  by 
a  linear  interpolation. 

Equation  (1)  is  quite  accurate  because  of  the  nature  of  the  varla- 
itlonai  principle,  but  it  requires  no  solution  of  th*  Matrix  squat  ion  and 
thus  the  ooaputing  spaed  is  greatly  enhanced. 

An  miC  spiral  tranfexaer,  shown  in  figure  i  is  ooaputed  using  xatrlx 
solution  every  fourth  frequency  point.  The  result  as  shown  in  figure  2  is 
Just  as  accurate  as  the  all  satrix  solution,  but  only  taking  1/3  the 
computer  tine. 

Th*  paper  ends  with  a  discussion  on  the  interdependano*  of  the 
computer  tlw.  th*  variational  solutions  and  th*  Matrix  solutions  of  the 
xoaent  Method  •jmnc-HfcliM. 
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The  spiral  transformer  example. 


The  I S21 1  »nd  i  Sn  I  responses  of  the  two  poo  configuration  of  the  transformer  in  Fig.  1. 


ACCURATE  AND  EFFICIENT  MODELING 
OF 

DISPERSIVE  MMIC  PASSIVE- DISCONTINUITY  COMPONENTS 
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Phra*o*  Research  k  Development  Inc. 
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Abstract 

The  fullwave  GreenVfunctlon-and-Method-of.MomenU  approach  la  recognised  aa 
(he  moat  (cneral  ar.d  accurate  solution  method  (o  the  problem  of  high  frequency  mod. 
cling  of  MMIC  passive  circuit  componenta.  However,  the  computer  codes  derived  on 
the  basis  of  this  method  are  usually  computationally  intensive.  Several  numerical  tech¬ 
niques  that  significantly  improve  both  the  accuracy  and  efficiency  of  this  method  are 
presented.  The  numerical  technique  is  described  a a  it  has  been  applied  to  the  problem 
of  the  waveguide  shielded  microetrip  structure. 
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1  Introduction 


Recently,  significant  attention  has  been  paid  to  the  characterization  of  high  frequency 
microstrip  discontinuities,  since  ultimately  the  accuracy  of  a  MMIC  design  depends  on  the 
accuracy  of  the  individual  junction  models.  The  high  frequency  information,  such  as  the 
equivalent  circuit  or  scattering  matrix  parameters  of  the  junctions,  can  be  extracted  by 
many  different  ways,  A  method  has  been  described  by  Katchi  and  Alexopouios  |2)  where 
the  discontinuity  characteristics  are  deduced  from  the  standing  wave  pattern  of  current  on 
the  miercstrip  line.  In  that  method  the  fine  (or  lines)  are  excited  by  a  delta-gap  voltage 
source.  R.W.  Jackson  (3,5]  and  Pozar  {3},  on  the  other  hand,  used  an  incident  traveling 
wave  (on  the  microstrip  line)  as  the  excitation  in  their  moment  method  solution.  Chu  and 
Itoh  (7]  analysed  the  step  discontinuity  using  waveguide  models  with  magnetic  sidewalls 
for  the  lines.  A  spectral  domain  analysis  in  an  enclosed  structure  has  been  used  by  Jansen 
|l,6]  and  Koeter  (Cj  extensively.  This  work  addresses  the  characterisation  of  waveguide 
shielded  lines  and  discontinuities.  It  is  a  complete  dynamic  solution  and  all  the  effects 
associated  with  the  waveguide  enclosure  (shield)  are  included.  In  the  application  of  the 
moment  method  procedure,  an  expansion  of  the  surface  current  density  on  the  microstrip 
line  Or  of  the  electric  field  on  the  slot  line  is  made.  The  basis  functions  include  dominant 
traveling  wave  functions  and  roof-top  subdomain  basis  functions.  A  special  modification 
of  th>!  traveling  wave  functions  has  been  introduced  which  increases  the  accuracy  of  the 
characterization  in  ‘he  quasi-static  limit.  The  roof-top  basis  functions  arc  used  in  the 
immediate  vicinity  of  the  junction  to  represent  any  possible  currcnt/field  disturbance. 

The  focus  of  this  work  is  on  the  application  of  the  modified  traveling  wave  functions  to 
the  general  problem  of  shielded  MMIC  structures  [d],  and  on  the  use  of  an  interpolation 
technique  which  significantly  reduces  computational  timer  in  the  characterization  of  general 
discontinuity  structures. 

2  Green’s  Function  Approach 

Figure  1  depicts  the  cross  section  of  the  multilayer  substrate  structure  within  the  sur¬ 
rounding  waveguide  shield.  Microstrip  currents  and/or  slot  fields  can  be  represented  by: 

*(x,y,z)  =  £  ,  (l) 

n>-09  '-<*> 

or 

=  E  /  *{k,n,y,k,)  eSi,,cs{k,nx)dk,  ,  (2) 

n*0  J~a> 

where  'S'(fcirlly, kt)  can  be  represented  as 

^[k,n,y,k.)  =  0 (k,n,y,k,)  ■  $(k,H,auk.)  .  (3) 

The  quantities,  $(&«,,  Si,£f)  and  V(k,n,y,k,),  refer  to  the  transforms  of  E  or  /.  n(klflly,b,) 
is  the  dyadic  which  relates  the  electric  fields  and  current  distributions.  In  the  above  defi¬ 
nition,  ae(k,„)  is  defined  either  as  sine  or  cosine  functions  where  the  center  and  side  wall 
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Figure  1:  Geometry  of  Interest 

condition*  (electric  or  magnetic)  are  included  In  the  traniform.  The  first  form  is  the  com¬ 
plex  finite  Fourier  transform  and  the  second  form  Is  the  cine  or  cosine  Fourier  transform. 
When  the  second  form  is  taken,  the  appropriate  transform  must  be  selected,  depending  on 
the  side  wall  boundary  conditions  and  the  field  or  current  component.  These  component 
relations  arc  given  in  reference  4.  When  <(&»«,  Si,£,)  is  expanded  in  terms  of  known  basis 
functions  as 

«  W 

♦(*.-**.-)  -  E  c„-*m(x,s„r)  o  £  ♦m(x,s„:r)-c„,  ,  (i) 

mh)  moil 

then  the  substitution  of  above  equation  yields 

*(*.V|*)  =  E  IE  /+°°  .  (5) 

M-l  UaO  ) 

When  the  inner  product  of  the  basis  function  is  taken  for  the  left  and  right  hand  sides  of 
Equation  (5),  the  following  linear  equation  is  obtained: 


Vn,  m 


(8) 


mill 


When  the  same  number  of  testing  functions  are  used  in  the  above  equations,  a  set  of  linear 
equations  is  obtained. 

[q  =  jM-M  (?) 

The  unknown  dyadic  coefficients  ure  numerically  obtained.  In  the  above  equation,  Vm>  and 
Zm<m  are  defined  as 

Vm1  ~  (Um,(^iniaj,fc»),'i,(kIniSli^«))  "  /  /  Um'fciiJi*)  ’  S^(x,Sj,x)dx  ds  (8) 

JX~0  Jgn- oo 

and 

Zm'rt  —  ^E  /  *  fl(kj,n,  *1 1  k/)  *  )  dkg  ,  (9) 

n=0-'"«' 
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(10) 


The  last  expression  can  also  be  written  as: 

-W  N  rm  • 

**  ^  1  ^h(^iki^Ii^i)  l 

•.■o'"** 

where  tC(k»*,4ii  k,)  is  the  conjugate  operation.  When  there  is  no  source,  then  the  problem 
is  an  eigenvalue  problem.  is  the  Fourier  transform  of  the  basis  expansion 

function  defined  as 

*(*«,«!»*•)  ■  rfl  J^(x,*ux}t~iKt*c(k,Kx)dxd:  (11) 

where  «  1/2  only  if  Jfc,„  w  0 ,  otherwise  «a  1.  1  When  the  basis  function  Is  separable, 
Equation  (10)  can  be  expressed  as 

S>.)  •  S(*,)  •  lt(k.)dk,  ,  (12) 

where  S(Jt,)  is  defined  as 

S(*,)  -  £*>.,)  Olt{k^k,}l(k,n)  (13) 

n«0 

with  H{/(ktn,kt)  as  the  dyadic  component  for  t,j  a  x,x.  In  the  above  definition,  *(x,s) 

is  the  basis  function  and  the  quantities  of  «’((in)  and  #<•(*,)  are  defined  as  the  x  and 
z  dependent  term*  of  the  basis  functions.  Since  the  electric  field  or  current  distribution 
at  an  arbitrary  position  can  be  constructed  by  linearly  superimposing  all  the  components 
caused  by  lhe.scgmenta’  basis  functions,  the  total  interaction  can  be  expressed  as 

m$ir,  +  £#/-«  +  £$«'  (1-4) 

where  "dro*  identifies  the  driving  function,  "jnc*  the  Junction  field/curTent  functions,  and 
* ret *  the  reaction  field/cunent  functions.  In  general,  the  number  of  reaction  functions 
must  be  equel  to  N  for  the  N-porl  network. 

%  Algorithm  Description 

A  general  algorithm  to  approach  the  discontinuity  problem  is  described  in  Figure  2. 

3.1  Matrix  Management 

A  solution  of  a  discontinuity  probh  m  by  the  present  method  involves  the  partition  of 
the  junction  into  rectangular  subsections.  In  effect,  a  rectangular  grid  is  overlaid  on  the 
junction.  This  is  depicted  in  the  drawing  in  Figure  3  for  the  asymmetric  step  discontinuity. 
In  the  procedure  the  circuit  component  one  wishes  to  analyse  is  drawn  on  the  grid,  following 

'In  reference  |4],  the  summation  must  start  from  n  ■  0  and  must  be  added. 
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Figure  2:  Genera!  Algorithm  for  Discontinuity  Problem 
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Figure  3:  Grid  Partitioning  in  the  Vicinity  of  Junction 
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the  grid  lines.  This  identiP.es  the  subdomain  segments  that  must  be  used  in  the  moment 
method.  One,  or  both,  longitudinal  and  transverse  basis  functions  may  be  required  In  each 
ol  $he  subdomain  regions.  In  the  solution,  impedance  matrix  elements  (of  the  method  of 
moments)  are  found  Tor  the  complete  rectangular  grid,  that  Is  for  all  subsections  or  cells 
«  the  grid  regardless  of  whether  the  component  of  Interest  requires  it  or  not.  We  start, 
therefore,  with  the  impedance  matrix  to  a  rectangular  patch.  Geometry  matrices  are  then 
introduced  that,  if.  efTect,  select  the  subdomain  terms  appropriate  to  the  component,  This 
identification  Is  completed  in  terms  of  three  geometry  matrices  that  arc  defined  as  follows; 
j{«,  j)  describe;,  exactly,  the  topology  of  the  component.  A  value  of  one  indicating  that 
the  associated  cell  is  part  of  the  conductor  (for  microstrip),  and  a  value  of  xero  indicating 
there  is  no  conductor  in  that  cell  region.  This  is  the  matrix  that  the  user  will  specify  to 
describe  his  component.  Because  of  the  nature  or  the  basis  functions  the  matrices  that 
Identify  the  location  of  the  basis  functions  are  shifted.  This  is  reflected  in  their  definitions. 
For  the  trsnsvcrse-currcnt-basis-geometry-matrix  we  have 

S%l)  -  s(»./)  •«(»  +  ! li)  ,  (15) 

while  for  the  iongitudinahbasis-functions-gcometry-matrix,  we  write 

?‘(«ij)  =  9{iJ)  •  s(i.J  + 1)  •  OG) 

When  operated  on  by  and  the  full  rectangular  grid  impedance  matrix  is 

reduced  to  that  appropriate  tu  the  component  under  consideration.  An  inversion  of  the 
reduced  matrix  then  results  in  the  solution  to  the  desired  p'ablem.  An  example  is  shown  in 
Figure  A  where  the  number  of  cells  is  30,  and  after  operating  with  the  geometry  matrices  the 
resulting  longitudinal  and  transverse  basis  functions  are  reduced  to  13  and  12  respectively. 
This  methodology  can  be  easily  extended  to  address  other  irregular  shaped  junctions. 
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Figure  5:  Butt  Function*  for  Computing  S(Jfc») 


3.2  Computation  of  S(Jb,) 

When  the  traveling  wave*  (in-coming  and  out-going  wave*  from  the  junction)  have  the 
same  transverse  dependence  (x-depcndence)  as  the  roof-top  basis  functions,  S(Ar,)  can  be 
computed  independently  of  the  longitudinal  dependence  (x-depcndencc)  of  the  function. 
The  longitudinal  and  transverse  current  distribution  can  be  placed  as  shown  in  the  Figure 
5,  where  the  longitudinal  basis  has  a  pulse  shape  (FB),  while  the  transverse  basis  shows 
the  triangle  shape  (TB). 

With  this  choke  of  basis  functions,  S(Jtf)  is  exnrtssed  in  a  closed  form  where  both 
the  accuracy  and  the  efficiency  can  be  drastically  improved.  The  asymptotic  form  of  the 
dyadic  Green's  function,  can  be  expressed  as 


CM)*'*  C?t{k.) 

CM.)  CM)/*.* 


(17) 


The  k,  and  dependences  of  the  dyadic  Green's  function  are  separated.  The  transform 
of  the  normalised  PB  is  obtained  as  =  *inc[k„^)tc(k,KSm)  and  the  transform  of 
the  normalised  TB  is  the  convolution  of  PB  so  that  the  transform  is  obtained  as  « 
tinci(k,n^)*c[ktnSm<).  When  the  Galcrkin's  method  is  used,  S(Jt,)  can  be  written  as 


s(*,)  =  £  ♦,„•(*«)  n(*.Ms,  ,*.)♦,  «,(*«.«) 

a»0 


=  £  ♦,«.(*„)  o*"(ju*i, 

nuQ 

£  C(M  in(*.„,<i,*.)  -  n**(JU*„*.))  *lm(k,*)  (18) 

>>•0 

where  the  summation  of  the  first  term  can  be  easily  converted  to  a  closed  form  expression, 
which  is  easily  evaluated.  The  factor  in  brackets  of  the  second  sum  accelerates  the  conver¬ 
gence  as  compared  to  the  original  sum  form,  since  the  sum  is  evaluated  as  the  difference 
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Figure  6:  Modified  Cosine  Bisis  Function  Behavior  in  the  Vicinity  of  the  Junction. 

of  the  Green's  function  and  it*  asymptotic  form.  The  convergence  of  the  bracket  term, 
however,  is  relatively  slow  when  the  argument  k,  is  large;  nonetheless,  when  the  enclosure 
is  large  and  the  side  walk  are  at  a  large  distance  from  the  circuit,  the  bracket  term  repre¬ 
sent*  the  principal  convergence  factor.  With  the  adopted  forms,  7-8  digit  accuracy  for  the 
computation  of  the  infinite  sum  can  be  easily  obtained.  Note  that  the  function  S(k,)  is 
monotonic  for  k,  -*  oo.  Therefore,  once  the  integration  table  for  a  sampled  k,  is  created, 
the  integration  can  be  evaluated  from  interpolated  values  of  S(Jk(). 

S.S  Computation  of  VJ  and  Zm>m 

Once  S(k,)  is  computed,  the  impedance  matrix  elements  and  voltages,  Vm>,  can 
be  computed.  The  junction  basis  functions  (roof-top  basis  functions)  can  be  expressed 
as  sine  and  sine1  functions  similar  to  PB  and  TB  in  the  previous  section.  A  traveling 
wave,  given  by  c**,  is  the  expected  functional  form  except  right  at  the  discontinuity. 
The  functional  behavior  must  be  modified  in'  such  a  way  as  to  correctly  represent  the 
conduction  current  I':t  real  current  system)  or  the  aperture  field  (for  slot  system).  One 
modification  w&s  proposed  by  R.W.  Jackson  (3]  and  applied  to  the  open-end  and  gap 
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mkrostrip  discontinuities,  The  traveling  wav*  form  tm/,‘  wu  written  u 

(19) 

The  cosine  function  wu  truncated  at  X,f<  away  from  th«  discontinuity.  Piece-wise  basis 
function*  were  then  overlaid  In  the  junction  region.  This  altuation  is  illustrated  In  Figure  8 
(a),  To  reproduce  the  actual  current  distribution  in  the  Immediate  vicinity  of  the  junction, 
the  site  of  junction  current  basis  functions  must  be  small.  Thus  the  necessary  number 
of  junction  basis  functions  become*  huge,  especially  for  low  frequency  (thin  substrate) 
modeling. 

A  variation  of  the  previously  referenced  method  is  adopted  here: 

For  the  longitudinal  cosine  basis  function  we  us* 


eos(/J*) 

-(*/A)cos(/»A) 


-oo  <  fit  <  -A 
-A  <  <0 


(20) 


while  for  the  transverse  cosine  basis  function  we  use 


eos(/Js) 

cos(/JA) 


-oo  <  fit  <  -A 
-A  <fl*<0 


(21) 


The  use  of  the  above  forms  of  cosine  basis  functions  focus  the  method  of  moments 
solution  on  the  difference  between  the  ideal  transmission  line  current  behavior  and  the 
actual  current  behavior  instead  of  modeling  the  entire  X,/4  region  from  the  discontinuity. 
The  situation  is  illustrated  in  Figure  8  (b).  The  overlap  region  of  junction  basis  functions 
can  be  reduced  to  the  immediate  vicinity  of  the  junction  where  the  current  disturbance  is 
expected.  The  computed  modified  cosine  basis  function  is  shown  in  Figure  6  (c)  for  rela¬ 
tively  low  frequency.  While  a  total  of  48  longitudinal  subdomain  basis  functions  (PB)  were 
needed  for  the  original  procedure,  with  the  proposed  modified  cosine  basis,  the  number  of 
basis  functions  is  reduced  to  about  12.  This  can  also  be  applied  to  slot  type  lines  in  the 
vicinity  of  discontinuities. 

Once  the  junction  and  traveling  wave  functions  arc  determined,  the  integration  can 
be  performed.  The  path  of  integration  is  deformed  to  avoid  poles  associated  with  the 
waveguide  modes.  In  Figure  7,  the  behavior  of  5M(fc«)  i*  shown  for  a  real  axis  integration 
path,  and  for  a  modified  (complex  integration)  path.  The  use  of  modified  (complex) 
integration  contour  is  equivalent  to  the  introduction  of  loss  into  the  system.  With  the 
modified  contour  an  interpolation  technique  using  tabulated  values  of  S[k,)  for  sampled 
k,  can  be  used  without  degrading  the  accuracy  of  the  integration. 


4  Numerical  Examples 

The  first  example  (Figure  8)  shows  the  eigenvalue  solution  derived  from  S(fc.).  When  the 
waveguide  side  walls  are  chosen  to  be  magnetic  walls,  the  boundary 'conditions  at  the  side 
walls  electrically  separate  the  to,,  and  bottom  walls.  A  slotline  mode  is  then  supported. 
The  configuration  approximates  the  open  structure  slotline.  In  Figure  8,  the  normalised 
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effective  wavelength  of  the  (lot  mode  U  computed.  Two  set*  of  data  art  plotted.  The 
dwhed  line  Indicate*  the  ewe  where  the  tide  well*  ere  separated  by  a  «  10,0,  while  the 
■olid  line  U  for  e  a  40.  In  both  ewe*,  the  slotline  U  pieced  et  the  center  of  the  waveguide. 
The  circled  data  is  that  of  Cohn  (9]  using  the  treruverac  resonant  method.  When  the 
magnetic  side  walls  arc  separated  enough  from  the  slotline,  the  open  geometry  can  be 
modeled  by  using  the  present  method.  When  the  side  walls  arc  close  to  the  slotlinc  (given 
by  dwhed  line),  the  effective  wavelength  diverge*  from  that  of  the  open  geometry  model. 

The  open-end  microstripline  is  the  simplest  discontinuity.  It  is  also  fundamental  in  that 
it  involves  all  the  significant  phenomena  associated  with  the  more  complex  components,  in 
particular,  the  phenomena  of  coupling  with  the  waveguide  modes  of  the  boxed  structure 
at  high  frequencies.  The  first  example  in  Figure  9  shows  how  the  excess  length  is  affected 
by  the  external  structure.  With  an  external  waveguide  shield,  the  open-cud  discontinuity 
nay  behave  u  an  antenna  clement  which  excite*  or  couples  to  the  waveguide  mode*  (both 
evanescent  and  propagating  modes.)  In  the  two  cases  that  follow  the  microstrip  line  is 
placed  at  the  center  of  the  waveguide  structure  where  the  most  significant  effect  is  expected 
for  TEr  mode.  The  substrate  material  is  (,  *  9.6,  and  the  dimensions  of  the  microstrip 
are  w  n  1.0  and  h  =  1.0.  The  solid  line  shows  the  case  where  the  waveguide  mode  turns 
on  around  k,h  w  0.21  for  a  waveguide  dimension  of  a  =  20.  The  dwhed  line  shows  the 
case  with  a  waveguide  dimension  a  =  10,  where  there  are  no  propagating  waveguide  modes 
excited  in  the  range  of  interest. 

Anisotropy  of  materials  can  cause  some  change  in  epen-end  excess  length.  In  figure  10, 
the  excess  length  is  computed  for  isotropic  and  anisotropic  cases. 

The  characterisation  of  gaps  in  microstrip  is  useful  in  the  design  of  dc  blocks,  end 
coupled  filters,  coupling  elements  to  resonators,  etc.  The  microstrip  gap  is  treated  w  a 
numerical  example. 

When  the  coupling  to  the  waveguide  modes  is  strong,  then  the  parwitic  conductance 
elements  exist  in  parallel  with  the  equivalent  capacitance.  The  equivalent  capacitance  Cf 
is  due  to  the  field  fringing  to  the  ground  plane,  and  the  equivalent  capacitance  C ,  is  the 
gap  capacitance  due  to  the  coupling  to  the  second  conductor.  It  U  common  practice  to 
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Figure  10:  Execs*  Length  of  Uoiropk  and  AnUotropk  Substrate 


represent  the  gap  characteristic*  wing  (?*,«  and  C«u.  Th«M  quantities  wt  related  to  Cr 
Mid  Ct  u  follow*: 

(32) 


and 


Cm  m  2  Ct  +  C,  . 


(«) 


The  code  for  the  gap  discontinuity  U  similar  to  the  open-end  code  except  that  transmission 
coefficient  matrix  element*  are  included.  Since  the  primary  and  secondary  line  i*  symmet¬ 
ric,  the  gap*  can  be  efficiently  characterised  by  considering  all  the  symmetric  properties 
of  the  method  of  moments  solutions.  The  code  i*  modified  in  such  a  way  as  to  generate 
varSow  gap  separations  while  computing  the  matrix  element*  once.  The  resonance  nature 
of  the  problem  due  to  the  enclosure  is  avoided  in  this  example  by  selecting  the  enclo¬ 
sure  appropriately.  An  example  of  computed  data  for  these  even  and  odd  capacitances 
is  plotied  in  Figure  11.  As  the  separation  of  the  two  lines  is  increased,  both  the  even 
and  odd  capacitances  approach  asymptotically  the  open-end  case,  i.e.  the  gap  capacitance 
decreases. 


5  Conclusion 

A  numerical  approach  for  the  high  frequency  characterisation  of  waveguide-shielded  mi¬ 
crostrip  and  slot  line  structures  has  been  presented.  The  algorithms  were  developed  for 
use  on  desktop  computer*.  The  formulation  and  methods  described  briefly  here,  such  as 
the  closed  form  expression  |8]  or  the  interpolation  routine,  reduced  CPU  time  drastically. 
The  open-end  or  gap  discontinuities  can  be  characterised  within  five  to  six  minutes  on  a 
386/387  computer.  The  Green's  function  approach  included  all  the  physical  phenomena, 
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Figure  11:  Even  and  Odd  Capacitance  veraus  Gap  Spacing 

such  as  coupling  to  waveguide  modes  and  complex  waves,  and  so  on.  The  obtained  results 
can  be  applied  at  high  frequencies.  The  extension  of  this  method  to  an  Irregular  shaped 
discontinuity  topology  has  also  been  established  in  this  paper. 
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1.  Introduction 

In  the  I«i  decade,  several  approaches  have  been  dcvclopped  for  the  analysis  and 
the  study  of  Microwave  and  MiUiitKicrwave  Hybrid  Integrated  Circuits 
(MMHIQ.Today  the  ntost  popular  method  in  this  area  Is  the  util  known  Spectral 
Domain  Technique.  The  SDT  was  first  introduced  in  1971  by  Mina  &  lioh  (1) 
to  calculate  the  dispersion  characterisitics  of  microstrip  lines.  Other  authors  have 
extended  the  method  to  the  different  planar  microwave  lines  commonly  used  in 
MMHIC*.  The  method  is  suitable  for  the  analysis  of  multilayer  planar  structures 
and  two  unified  formulations  of  the  SDT  ire  found  in  the  litteramre  12,3). 

Because  one  assumes  a  zero  thickness  and  infinite  conductivity  of  the 
metallization,  the  SDT  can't  be  considered  as  a  realistic  method  for  the 
prediction  of  the  performances  of  monolithic  microwave  integrated  lines. 
,  Indeed,  in  monolithic  circuits  the  thickness  of  the  metallization  becomes 

comparable  with  the  width  of  the  strips  and  then  the  strips  cannot  be  considered 
as  ideal  conduetors.The  differences  between  a  Hybrid  and  a  Monolithic 
tnicrosirip  lines  are  summarized  figure  1.  To  overcome  this  difficulty  we  adress, 
in  this  paper,  an  extension  of  the  SDT  in  order  to  analyse  the  monolithic 
integrated  circuits. 


1  TV  Modified  SptdnJ  Domain  Technique 

In  the  classical  formulation  of  the  Spectral  Domain  Technique,  one  write*  the 
fundamental  equation  of  the  SDT  which  Is  a  relation  between  the  Fourier 
component  of  the  current  densities  (Jy  k  Jt)  and  the  tangential  electric  field*  (Gy 
A  E*)  In  the  plane  of  the  metallization  (I.e,  the  plane  x  a  Q  on  the  figure  2), 

TfcUt  fundamental  equation  reads : 

U,mJ“  (o, ,<«.>)  oll(u.Y)J.Jt(«.r)J 

where  u  U  the  Fourier  variable,  Y  the  propagation  constant.  The  Gjj(u,Y)  arc 
known  functions  and  depend  on  the  electric  and  geometric  parameters  of  the 
different  layers  of  the  structure. 


Bawt  Basic thiduru and SwsubdvWon In 
WWwsimsI  strips 

The  fundamental  equation  is  usually  solved  by  using  the  classical  Moment 
method.  To  this  end,  one  projects  the  current  densities  on  a  realistic  basis  of 
functions.  The  solution  is  obtained  by  writing  the  Inner  product  of  the  current 
densities  and  the  electric  fieds.  This  inner  product  is  aero  because  the  current  and 
the  electric  (kid  are  defined  in  complementary  spaces. 

|  "  0  |  Et(“.T)  riu  •  0 

Let  us  now  transform  the  fundamental  equation  of  the  SDT  in  order  to  tike  into 
account  the  thickness  and  the  conductivity  of  the  strip.  The  structure  considered 
is  depicted  figure  2.  The  strip  of  non  zero  thickness  is  subdivided  in  infinitesimal 
strips.  Each  strip  located  at  "x"  supports  an  infinitesimal  current  density  dj 
(u.Y.x)  and  is  related  to  the  electric  field  dE  (u,y)  in  the  plane  x  =  0  by  the 
following  relation 


dE  (u,Y)  =  fl(u.Y)  «xp(-%  x)  dj  (u,Y.x) 
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where  •foil  tiven  by  fg  ■  (u* + y*  -  ^ 

The  dJ  (u,y,x)  it  reined  to  the  tout  current  J  (u.y)  on  the  strip  by : 

dJ  (u,y,x)  *  J(u,y)  f(x)  dx, 
where  f(x)  U  a  normalized  distribution  l.e. 

f(*Jdx-l 

■a 

Combining  the  previous  relations,  it  is  easy  to  arrive  to  the  new  fundamental 
relation  of  the  SDT 


Efa.D*  t*p<  -  yi)  f(»)  1(*,H  dx  *  G(u.tf  S(u) 


This  equation  it  quite  similar  to  the  first  one.  The  difference  between  the  two 
fundamental  equations  lies  in  the  term  S(u)  which  depend  on  the  thickness  of  the 
strip  and  the  f(x)  distribution  aloof  the  ox  direction.  The  resolution  of  this  new 
equation  is  also  done  usini  the  Moment  Method  and  Ohm  laws.  The  conductivity 
of  the  strip  is  taken  into  account  when  we  writs  the  inner  product  of  E  and  J 
which  is  non  zero  because  the  conductivity  of  the  conductor  is  finite. 

3.  Determination  of  the  distribution  ffx). 

In  an  ideal  conductor  one  assumes  that  the  total  current  is  located  on  the  surface 
of  the  conductor  and  is  zero  inside  the  conductor.  These  assumptions  are  not 
correct  in  reality  due  to  the  finite  conductivity  of  the  material,  in  fact  the 
current  Inside  the  conductor  depends  on  the  conductivity  and  the  frequency  as 
well  as  on  the  boundary.  Tlie  current  is  fovemed  by  the  classical  equation : 

V2j(x,y)  -  ((l«J)2/8)J(x,y) 

where  5  is  the  skin  depth  of  the  conductor  given  by  S=(  2/o4Sqo)1/2 

Solving  the  previous  equation  one  obtains  the  following  expression  of  the 
current  density 


Finally,  the  expression  of  the  distribution  f(x)  is  given  by : 


28 
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4.  Applications 


This  method  h»i  been  u$cd  to  analyze  the  GaAs  microstrip  line  with  Schottky 
contact  shown  figure  3.  The  calulated  data  are  the  slow-wave  factor  and  the 
propgation  losses  in  the  structure.  The  microwave  model  used  in  the  calculation 
is  given  below  (figure  -4). 


Figure  3.  The  GaAs  microstrip  analyzed  line. 


T 


Figure  4.  Microwave  model  used  in  the  calculation 

where  e,  the  thickness  of  the  depleted  layer,  is  determined  from  the  Schottky 
relation  [4] : 


2  .  C  ,  Cg 

e“hr*r (0-74* 


Vc> 


1/2 


with  Vc<0 


Figure  5  shows  the  microstrip  line  (D.U.T.)  that  was  tested  on  a  chip  carrier.  The 
test  configuration  is  shown  in  Figure  6.The  parameter  of  interest  is  the  scattering 
parameter  S^j  of  the  de-embedded  D.U.T. : 


S2 1  -  ezpl  where  7(0))  =  a(co)  +  j(5(co) 

Tlte  slow-wave  factor  of  structure  Is  given  by  the  imaginary  part  (phase  of  S21) 
ind  the  attenuation  constant  is  given  by : 


96 


"Uh, 


Figure  5.  Geometry  of  ihc  meullliatlon. 


Figure  4.  Chip  carrier  configuration. 

After  an  evaluation  of  the  pad  phases,  the  phase  of  the  intrinsic  S2 1  j  is  calculated. 
S21  measurements  were  carried  out  using  the  HP  8510  vectoricl  Automatic 
Network  Analysed  (VANA),  connected  to  on  HP  2 1 6  computer,  and  applying  the 
TRL  (5)  method.  The  necessary  calibration  standards  were  realised  on  AI2O3 

substrate. 


Figure  7.  A  comparison  between  experimental  and 
theoretical  results  concerning  a  GaAs  microstrip  line. 
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The  comparison  between  experimental  and  theotctlcal  data  Is  shown  In  figure  7. 
the  continuous  lines  represent  the  results  obtained  by  the  proposed  method  and 
the  points  are  the  experimental  data  for  several  polarisations  of  the  Schottky 
contact.  One-  notices  the  excellent  agreement  between  our  theory  and  the 
experiments. 

5,  C<  (aduaio#. 

A  modification  of  the  well  known  Spectral  Domain  Technique  has  been 
dcvcloppcd  and  presented.  This  modification  allows  the  use  of  the  SDT  to  analyze 
the  monolithic  microwave  integrated  line  taking  Into  account  both  conductivity 
and  thickness  of  the  metallization.  It  consists  of  the  subdivision  of  the  strip  in 
elementary  strips.  The  method  lias  been  applied  to  a  GaAs  mkrostrip  line  with  a 
Schottky  contact.  The  same  line  has  been  characterized  experimentally  using  the 
Thru-Reficct-LIne  procedure.  The  slow-wave  factor  and  the  propagation  losses 
given  by  the  present  theory  are  compared  to  the  experimental  data.  An  excellent 
agreement  is  pointed  out.  Finally  the  same  method  has  been  extended  to  analyse 
structures  with  several  strips  such  as  coupled  mScrostripi.  The  experimental  data 
concerning  the  coupled  lines  are  now  going  on  and  will  be  presented  elsewhere. 


Reference*. 

Ill  RMnTRA.T.ITOM 

A  new  technique  for  the  analysis  of  the  dispersion  characteristics  of  microsttip  lines. 
IEEEMTT,  vol  19.  nM,  pp47-5«{  Jan  1971) 

f21  R.IL  JANSEN 

Unified  user  •oriented  compulation  of  shielded,  covered  and  open  ptanar  microwave 
and  millimctcrwivc  transmission  line  characteristics 
IEE  pcoc.  part  H.  MOA  3,  pp  14-22  (1979) 

1 3)  S.TEDJINI,  D.RAULY  &  P.SAGUET 

Generalized  Spectra)  Domain  Technique  Iheory  and  Applications 
16“>  Eu.M.C  proc  Dublin  (sept  19*6) 

[31  S.M.SZE 

Physics  of  semiconductor  devices 
2nd  edition  A  Willey  publication  1911. 

(2)  GJ?.  ENGEN ,  GA.  HOER 

Thru-Rcricct-Une :  An  improved  technique  for  calibration  the  dual  six-poet  automatic 
nctwofk  nniyitf, 

IEEE  MTT .  vol  27.  n*  12  pp  987-993  (Dec  1979) 


100 


THE  DISPERSION  CHARACTERISTICS  OF  THE  FD-TD  METHOD 
IN  CYLINDRICAL  WAVEGUIDES 

JknnU  II.  Choi  mi]  Elmer  H.  Itwa 
ftculty  of  Engineering,  Unlveriity  of  Regina 
Regina,  Saskatchewan,  Canada,  S-tS  0A- 

Abitrwt 

The  numerical  phase  am!  group  velocity  characteristics  of  the  FD-TD  algorithm 
are  presented  for  wave  propagation  in  TDM,  an 4  TE  or  ?M  mode*.  In  the  numerical 
simulation  of  waveguide  modal  solution!,  it  U  found  that  there,  li  an  optimum  value 
of  4  and  optimum  frequencies  at  which  least  errors  in  group  and  phase  velocities 
occur,  from  these,  a  procedure  to  find  a  maximum  frequency  which  provide*  least 
error  lb;  modal  solutions  of  cylindrical  waveguide*  it  proposed.  This  will  provide 
guidance  for  applications  of  the  FD-TD  method  to  a  wide  variety  of  guided  wave 
problems. 

Introduction 

The  Finite  Difference  Time  Domain  (FD-TD)  method  based  on  Yce's  algorithm 
has  been  used  recently  to  solve  the  problems  of  waveguiding  structures  such  as  cut¬ 
off  frequencies  of  finline*(l]  or  scattering  parameters  of  microstrip  discontinuities^)- 
(3).  Even  though  the  FD-TD  technique  hat  been  applied  quite  successfully  in  the 
patt(see  for  example  (*]),  the  numerical  mesh  network  of  the  algorithm  causes  errors 
in  the  phase  and  group  velocities  of  the  propagating  wave.  This  is  caused  by  the 
dispersive  nature  of  the  FD-TD  method(5j. 

In  order  to  aasess  the  numerical  errors  caused  by  the  dispersion  for  solutions  of  a 
TEM,  and  TE  or  TM  wave,  an  explicit  expression  of  the  phase  and  group  velocities 
of  the  three-dimensional  FD-TD  algorithm  It  derived  from  the  following  dispersion 
relation)*]. 

iin?(uAt/2)  a  -Mn’fo Ay/2)  +  s ■'«*(*, A r/2)J  (1) 

where  a  is  the  stability  factor  given  as  j  b  vAt/Al. 

Formulation 

Fbr  a  wave  with  propagation  directions  a,  /?  and  7  as  shown  in  Fig.  l.a,  the 
following  relations  exist:  k„  =  keosa,  kr  =  kcoip,  k,  =  kcosy,  kAx  =  kAy  = 
kAz  m  kAl  ■  #.  It  can  be  shown  that  the  group  and  phase  velocities  in  free  space 
are  given  at 

vt  =  [*i  *in3(fco*a)  +  !iV(#cor/J)  +  sin,(#cos7)]/sin(wAf)  (2) 

t>  s  uAt/tl  (3) 


where  vt  and  vr  ate  normalized  by  the  velocity  of  light  v  In  the  medium. 


For  #  «  1,  equation*  (2)  ami  (3)  reduce  to: 

r,  ■  l  -(«-•*)•*/«  + 0(0 +  •••  (•») 

<>  *  l-(/t-i,)lV24  +  0(O  +  "  (S) 

where  K  ■  co«*o  +  «t*4p  +  cos*?,  Note  that  the  second  term  of  vt  1*  larger  than 
that  of  t>  by  a  factor  of  ihr«(S]. 


Expre**lon*  (2)  and  (3)  ate  mixed  form*  which  ihow  the  (separate  effect*  ef  u 
and  k  on  the  propagating  wave.  Depending  upon  the  problem  or  initial  condition*, 
It  l*  (sometime*  convenient  to  expre**  Eq*.  (2)  and  (3)  In  term*  of  only  u  or  only 
k.  However,  thl*  It  possible  only  for  the  cate*  where  propagation  occur*  In  the 
axial  direction(A),  In  the  diagonal  direction^))  of  a  plane,  and  In  the  diagonal 
dlrectlon(C)  of  a  cubic  cell  In  free  tpacc(Soo  Fig.  1.  b).  For  other  direction*  of 
propagation,  the  dlipcrtkm  relation  (1)  and  either  Eq.  (2)  or  (3)  are  required.  For 
example,  the  phase  and  group  velocllle*  In  the  A  direction  In  term*  of  u  arc: 


‘V 

«v 


1 1  -  U'7co*(uA(/2) 
u&t/i* 

*in"«(»') 


(0) 

0) 


where  IF  I*  given  by  IF  *  Note  that  Al/A  I*  u*<d  tut  a  normalized 

frequency  (such  that  uAt «  2**&//A, 


Fig.  2  thow*  the  velocity*  vt  and  t>  a*  a  fuctlon  of  A//A  with  the  maximum 
atablllty  factor  of  1/%/a.  From  Eq*.(0)  and  (7)  we  can  *«e  that  a*  *  It  reduced 
from  the  maximum  value  l/s/a,  all  (he  velocllle*  experience  further  dispersion  that 
result*  In  smaller  magnitude*  of  v,  and  vr.  However,  It  I*  found  that  the  cut-olf 
frequencies  do  not  change  significantly  with  variations  In  a. 


A  wave  that  Is  propagating  in  a  elo*ed*boundary  wave  guiding  system  experience* 
further  dispersion  In  the  longitudinal  direction  of  the  waveguide.  This  Is  the  so-called 
modal  dispersion  which  can  be  calculated  numerically  by  the  procedure  similar  to 
that  used  for  the  unbounded  medium. 


Let  the  s  coordinate  be  the  axial  direction  of  a  waveguide.  At  cut-ofT  frequencies, 
the  propagating  wave  number  p  or  k,  lr  the  dispersion  relation  of  Eq.  (1)  become* 
0.  Then  Eq.  (1)  become*: 

*in’(wcA(/2)  =  s,(*in,(fc,<Ax/2)  +  *tn5(Jt,tAy/2))  (8) 

where  ue  1*  the  cut-off  frequency  and  k,e  *ndJtK  are  cut-ofT  wave  number*  In  the  x, 
y  coordinate*  re*peetlvely.  A*  the  operating  frequency  u>  increase*,  starting  from  ue, 
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the  transverse  wave  numbers  kt  and  trr  do  not  change  from  Jt,«  and  k^.  Therefore, 
substitution  of  (3)  Into  Eq.  (I)  give*: 

4i»l(uA</2)  »  a,4i'nJ(Jt1  Al/2)  -f  4fn,(w<  At/2)  (3) 

The  phase  and  group  velocities  of  cylindrical  waveguide*  are  therefore, 


v#  « 

>>  » 
and 


p4»V  * 

where  H«  It  given  by  lt'«  ■  4t'n(*irA,'/At)/4  and  A*  I*  the  cutoff  wavelength. 

Equation*  (10)  and  (11)  hold  for  cylindrical  waveguide*  with  different  cross- 
sections,  provided  that  the  cut-off  frequency  IE*  Is  properly  replaced  by  the  ap¬ 
propriate  value.  H'(  can  be  calculated  readily  by  employing  the  two-dimensional 
FD-TO  algorithm.  For  Illustrative  purposes,  the  phase  and  group  velocities  of  a 
simple  waveguide  with  a  rectangular  cro«s-sectlon  were  calculated  and  the  results 
are  shown  in  Figs.  3  and  4.  The  Figs.  3  and  4  also  show  results  from  theoretical 
calculations  for  comparison. 

from  the  Fig,  3,  we  can  observe  that  the  theoretical  and  numerical  curves  cross 
over  each  other  at  a  certain  frequency.  At  this  frequency  the  numerical  group  velocity 
coincides  with  the  theoretical  group  velocity.  U  Is  known  that  at  this  frequency,  the 
composite  TEM  wave  of  the  modal  solution  propagates  at  an  angle  of  45*  to  the 
axial  direction.  As  discussed  In  Helj4),  at  this  angle,  the  propagation  direction  of 
the  physical  wave  and  numerical  wave  coincide. 

The  relative  cross-over  frequency  F,  =  // /e  depends  on  the  stability  factor  s  and 
has  a  slight  dependency  on  the  mesh  size  A/.  The  characteristics  of  this  normalized 
frequency  F,  with  respect  to  mesh  size  are  illustrated  In  Fig.  5.  Rased  on  Fig.  5., 
an  optimum  value  for  the  stability  factor  s  can  bn  chosen. 

Starting  from  the  maximum  cross-over  frequency  (F,  a  1,33  at  s  a  l/a/3),  a 
reduction  of  4  generates  smaller  values  of  F,.  As  seen  In  the  FIg.4,  the  numerical 
errors  are  small  below  the  cross-over  frequency  F,.  Detailed  numerical  comparison 
shows  that  the  numeric*]  error  Increases  uniformly  u  the  frequency  moves  away  from 
the  cross-over  frequeneyf/i).  Therefore,  at  frequencies  below  F„  the  numerical  error 
Is  mtxlinum  at  the  cut-off  frequency.  Let  the  tolerable  numerical  error  of  the  group 
velocity  be  half  of  the  maximum  error.  Then  the  acceptable  highest  frequency  can 
be  extended  up  to  the  frequency  Fm,t  defined  as 

^msr  =  Ft  +  (Ft  —  Ft)/ 2  (13) 


4|s.n(24fn-»  /fPTrn?)) 
sin(uAt) 
uAt 

aftWHreirj  i 


(10) 

(») 


uAlsinfSafn-1 
24W”,(^il^  -  H^)4i(i(i-iAt) 


(12) 
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Therefore,  (lie  bwt  numerical  simulation  of  Information  transmission  in  a  cylindrical 
waveguide,  U  obtained  by  choosing  the  stability  factor  t  according  to  the  operating 
frequency.  Fig.  5  show*  example*  of  value*  of  *  for  which  optimum  frequende* 
can  be  Identified.  Corresponding  Ft  and  Ft  are  instituted  Into  Eq. (13)  to  obtain 
/»«*•  It  I*  found  that  U  about  1.5/*.  The  operating  frequende*  for  the  mo*t 
practical  application*  fall  wlthlnthl*  range.  The  application  of  the  Fl).T!)  method 
beyond  thl*  range  may  cauK  larger  error. 

The  characteristic*  of  phaae  velocity  are  different  from  tho*e  of  group  velocity. 
Uecaute  the  numerical  phaK  velocity  I*  alway*  lew  than  theoretical  value*  there 
I*  no  cross-over  frequency.  However,  there  I*  a  minimum  error  frequency  which  1* 
slightly  different  from  the  cross-over  frequency  of  the  group  velodty.  For  the  be*t 
simulation  to  obtain  phase  Information,  such  a*  the  guided  wavelength  or  resonant 
frequency,  a  similar  procedure  to  that  applied  to  the  group  velodty  can  be  used  and 
Fmu  can  be  employed  In  thl*  procedure  a*  well. 

Conclusion 

The  numerical  phase  and  group  velocity  characteristic*  of  the  FD-TD  algorithm 
are  derived  from  the  dispersion  relation  for  wave  propagation  In  TEM,  and  TE  or 
TM  mode*, 

In  the  numerical  simulation  of  waveguide  modal  solutions,  there  It  an  optimum 
value  of  a  and  optimum  frequende*  at  which  least  error*  In  group  or  phase  vclodtles 
occur.  These  optimum  frequencies  can  be  used  to  obtain  a  frequency  range  In 
which  the  numerical  error  Is  mlnlmticd.  The  algorithm  described  here  wi'd  provide 
guidance  for  applications  of  the  FD-TD  method  tu  a  wide  variety  of  guided  wave 
engineering  problems. 
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COMPUTATIONAL  ELECTROMAGNETICS  APPLIED  TO  INTEGRATED  CIRCUIT 
MICROUTHOGRAPHY  AND  METROLOGY 

John  C,  Mould  Jr.  A  Gregory  L  Wojcfc 
WekJingor  Associates,  4410  El  Camlno  Rial,  Los  Altos,  Ca.  94022 

II  is  recognized  that  as  average  faaiura  size  and  spacing  on  Intagrated  circuits  (ICs) 
continue  to  dacraasa  for  raasons  of  spaad  and  density,  tha  manufacturing  (microlithography) 
and  Inspactlon  (matrotogy)  problems  naturally  Incraase.  Analytical  tools  ara  nacassary  to 
understand  the  resulting  problems.  One  difficulty  with  tha  analysis  ol  optically  printed  ICs  Is 
that  feature  dimensions  and  tha  wavelengths  used  to  produce  and  measure  them  ara  ot 
comparable  slza.  Therefore,  tha  patterns  ol  light  projected  onto  photoresist,  and  optical 
microscope  images  of  the  developed  features  are  diffraction  dominated,  hence,  not  amenable  to 
asymptotic  methods  of  analysis.  Another  difficulty  Is  tha  geometrical  complexity  of  tha  1C 
features.  Therefore,  discrete  solvers  using  finite  element  or  finite  difference  techniques  ara 
necessary  to  simulate  and  Interpret  some  of  the  problems  encountered  In  1C  manufacturing. 

For  microlithography,  we  explore  the  principal  Issues  concerning  quantitative 
numerical  simulation  ot  positive  photoresist  exposure  dynamics. 

To  address  the  metrology  problem,  we  discuss  an  algorithm  based  on  the  Inverse 
scattering  formalism  In  an  effort  to  augment  current  optical  Inspection  techniques.  The 
objective  here  Is  to  systematically  determine  a  feature  cross-section  that  minimizes  In  a  least- 
squares  sense,  the  error  between  observations  and  calculations  at  a  discrete  set  of  field  points. 
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computational  electromagnetics  applied  to  integrated  circuit 

WICROLITHOGRAPHY  AND  METROLOGY 
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1.  Photoresist  Exposure  dynamic!  In  Microlithography 

We  explore  th«  principal  Issuas  concarntng  quantitative  numerical  simulation  of  positive 
photoresist  exposure  dynamics.  This  class  ot  electromagnetic  wave  simulation  problems  Is 
motivated  by  a  need  lo  model  the  macroscopic  physics  o(  optical  lithography  using  commercial 
resists  at  the  submicron  scales  necessary  lor  modern  Integrated  circuit  manufacturing.  The 
modeling  Issues  are  presented  here  In  the  context  of  an  explicit  Unite  difference  time  domain 
algorithm  for  the  nonlinear  photoresist  exposure  problem  In  2-D. 

The  constitutive  model  of  Dill,  el  al  (197S)  for  the  evolution  of  optical  parameters,  the  so* 
called  ABC  model,  Is  combined  with  Maxwell's  equations  governing  electromagnetic  wave 
propagation  to  obtain  the  nonlinear  partial  differential  equations  describing  the  exposure  of 
positive  photoresist.  These  equations  are  discretized  In  space  and  time  using  classical  finite 
differences  and  combined  with  Inhomogeneous  radiation  boundary  conditions  to  mode!  general 
2-0  submicron  factures  on  or  In  the  photoresist.  The  present  problems  Involve  a  uniform, 
plane,  layered  model  of  air,  positive  photoresist,  and  a  silicon  substrate,  Illuminated  from 
above  by  monochromatic,  transversely  polarized  (TM)  Kohl  at  normal  Incidence.  The  approach 
Is  readily  generalized  to  less  restrictive  conditions  Including  non-norma!  incidence  and  other 
polarizations,  as  wail  as  axlsymmetrlc  and  3*D  geometric  idealizations. 

Prevailing  techniques  for  mlcrolithogruphy  simulation  are  currently  based  on  classical  thin 
film  (1-0)  models,  and  even  In  2-D  ofton  assume  1-D  wave  propagation  In  uniformly  layered 
geometries.  The  numerical  approach  described  here  can  be  used  to  verify  these  simplifying 
assumptions,  but  more  Importantly,  It  can  solve  completely  general  problems,  both  In 
geometry  and  constitutive  properties,  albeit  at  e  higher  cost  In  computer  resources.  The 
numerical  simulations  of  nonlinear  exposure  processes  are  readily  coupled  with  Fourier  optics 
techniques  to  economically  Include  the  fense  systems. 

Electromagnetic  wave  propagation  Is  described  In  macroscopic  terms  by  Maxwell's 
equations.  If  we  restrict  our  attention  to  nonmagnetic  materials  and  furthor  assume  that  lha 
magnetic  permeability  Is  a  constant  (  p0)  ,or  materials  of  Intarest,  the  aquations  may  be 
written  for  lha  transverse  magnetic  (TM)  polarization  as: 

«.cEl 

“IT"  (l.ia) 

17  (1.1b) 

„  3H V  SE* 

lio— ■  ■— 

3t  3x  (i.ic) 

If  we  further  assume  time-harmonic  fields,  and  that  lm(x)  »  0  (lo:  all  absorption  Is 
associated  with  free  charges),  then  e  and  o  can  ba  related  to  the  refractive  Index  (N  -  n  +  ik) 
used  In  classical  optics,  where  I  «  YT . 
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c»*o(n2*k2 } 


(1.21) 

o-2«t0nk  (1.2b) 

Her*  a  denoles  the  Angular  frequency.  Note  mat  a  Is  frequency  dependent,  For  Illustration 
purposes,  w«  restrict  our  discussion  lo  me  exposure  of  positive  photoresist.  The  photoresist  Is 
assumed  to  have  an  Initial  Inhibitor  concentration  (Mo)  which  Is  not  necessarily  uniform.  This 
Inhibitor  concentration  decays  with  exposure  to  light.  Outing  the  subsequent  development 
process,  the  resist  Is  etched  away  at  a  rata  which  Is  Inversely  proportional  to  the  remaining 
Inhibitor.  Thus,  an  Imposed  light  pattern  will  result  In  valleys  or  holes  where  the  exposure 
was  grealest. 

The  exposure  of  positive  photoresist  Is  deserved  mathematically  by  the  ABC  model.  Hero, 
the  relative  Inhibitor  concentration  at  a  given  time  ( t )  Is  defined  as  : 

m(t)-M(t)/M0  (1.3) 

where  M0  -  M(0),  m  Is  assumed  lo  decay  with  exposure  as: 

m*exp(*clt)  ( 1  .a) 

where  (c)  Is  an  experimentally  measured  rate  constant  and  (I)  Is  the  time  averaged  electric 
energy  density: 

l-<0JtE2>  (1.5) 

where  me  brackets  denote  a  time  average  over  time  large  relative  to  one  period.  The  model 
funher  specifies  that  the  absorption  coatfidcnt  (  a )  Is  a  linear  function  of  m: 

a«Am+B  (1.6) 

where  A  and  B  are  experimentally  measured  constants.  If  we  assume  time-harmonic  fields, 
a  Is  related  to  the  complex  part  of  the  refractive  Index  by  (1.7). 

a*4xk/X  (1.7) 

This  In  turn  is  related  lo  the  dielectric  constant  and  conductivity,  so; 

c ■  C(>  (n^  -  ( aX/4  x )2  )  (1*8) 

a-eoanc  (1.9) 

Substitution  of  (1.8)  and  (1.9)  Into  (1.1)  give  the  nonlinear  partial  differential  aquations 
governing  photoresist  exposure  for  the  2*0,  Iransvers#  magnetic  polarization,  monochromatic 
Idealization. 

We  wish  lo  construct  solutions  lo  (1.1)  for  Arbitrary  configurations  of  scattering  features. 
To  accomodate  general  non*sep«rable  geometries,  we  consider  discrelt  approximations  In 
space.  Due  to  the  large  number  ot  unknowns  In  the  discrete  spatial  model,  and  to  tha 
nonlinearity,  wa  are  lead  also  lo  time  domain  numerical  discretization.  For  large  problems, 
explicit  techniques  employing  single  point  Integration  have  proven  most  (indent.  For  the  2*D 

problem  considered  here,  we  adopt  central  differences  In  time  as  proposed  by  Yea  (1966). 
This  llnlle  difference  technique  is  more  elllclent  than  the  corresponding  finite  element 
formulation.  Howevar,  the  staggered  mesh  becomes  vary  unwieldy  for  nonlinear  problems  In 
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3-0,  so  finite  elements  bocomt  mor*  attractive.  On*  ol  th«  primary  reasons  Is  that  the 
nonlinear  constitutive  relations  require  all  component*  ol  (he  E  field,  but  these  are  not  all 
defined  at  any  one  location  In  the  staggered  mesh. 

The  destruction  ol  Inh&ltor  occurs  on  a  time  scale  which  Is  extremely  slow  relative  to  the 
electromagnetic  wav*  propagation.  Fortunately,  the  exposure  process  may  be  accelerated  ( 
corresponding  physically  to  a  higher  Intensity  Incident  light)  and  lor  practical  purposes,  the 
same  residual  distribution  ol  Inhfcltor  will  be  observed. 

2.  Optical  Inversion  for  Submicron  Features 

For  steady-state,  coherent,  monochromatic,  TM  Illumination,  Waxwelr*  equations  reduce 
to  the  scalar  Helmholtz  equation.  A  finite  element  formulation  ol  this  equation  has  been  nested 
In  an  outer  optimization  loop  lo  study  the  feas&lity  ol  Inverting  lar-lietd  optical  baciacatter 
measurements  lor  sub-micron  tine  features  on  a  substrate.  The  combination  ol  feature  size  and 
Illuminating  wavelength  Is  In  the  diffraction-dominated  regime,  so  that  lull  wav*  solvers  (as 
opposed  to  asymptotic  methods)  are  required.  Numerical  experiments  Indicate  that  such 
Inversions  are  Indeed  possible,  provided  that  a  reasonable  estimate  ol  feature  size  and  sufficient 
back  scatter  Information  are  available. 

Numerical  experiments  Indicate  that  Inversions  based  on  amplitude  measurements  alone  are 
feasible  only  (or  perfectly  reflecting  features  (it  we  reside!  ourselves  to  single  frequency 
Illumination).  For  mor*  general  dielectrics,  both  amplitude  and  phase  measurements,  In 
conjunction  with  multiple  Illumination  angles  are  required. 

For  the  examples  considered,  local  minimization  methods  such  as  Gauss-Newton  and 
Lavenberg-Marquardt  performed  wen,  even  in  the  presence  ol  realistic  random  and  systematic 
noise  leyels.  The  fundamental  Inversion  algorithm  Is  straightforward.  First,  the  scattering 
feature's  geometry  Is  estimated  and  parametetrlzad,  using  vertex  coordinates  for  example,  as 
shown  In  Fig.t.  This  first  estimate  Is  usually  the  design  shape.  Second,  synthetic  backscatter  Is 
calculated  at  the  observation  points  from  a  finite  element  model  of  the  estimated  domain.  In 
addition,  the  Jacobian,  (/.#.  the  derivative  of  field  variables  with  respect  to  shape  parameters) 
Is  calculated.  Third,  field  residuals  (measurements  minus  synthetics)  are  found  at  the 
observation  points,  combined  with  the  Jacobian*  In  a  minimization  equation,  and  solved  to  give 
an  Incremental  change  In  the  feature  shape  parameters  that  minimizes  the  residual.  The 
algorithm  finally  returns  lo  the  second  step  and  Iterates  until  a  suitable  convergence  criterion 
is  satisfied,  pig.  2  shows  the  Iteration  sequence  for  a  perfectly  conducting  i  micron  foaturo  on  a 
perfectly  conducting  substrate.  Fig.  3  shows  the  sequence  for  a  1  micron  photoresist  feature  on 
a  silicon  substrate.  Both  simulations  employ  helium-neon  laser  Illumination  at  a  wavelongih  of 
0.6328  microns, 

The  primary  expense  In  the  algorithm  Is  the  solution  of  large  systems  of  linear  equations 
arising  from  finite  element  forward  solves,  and  Jacobian  calculations.  These  systems  are 
complex,  banded,  sparse,  non-hermltian  and  Indefinite.  Preliminary  evaluations  Indicate  that 
Iterative  methods  will  be  the  most  cost-elfecllve  means  of  solving  these  systems.  In 
conjunction  with  Iterative  solvers,  bounds  on  required  solution  accuracy  at  any  given  Iteration 
have  been  derived,  but  not  yet  Implemented. 

Application  related  Issues  still  to  be  addressed  include:  the  effects  ol  differing  layers  and 
substrates,  resolution  limits  /.«.,  In  terms  of  corner  rounding,  etc.,  and  the  Incorporation  of 
optical  systems  (as  opposed  to  simple  far-fie'd  extrapolation)  In  the  Inversion  loop.  A  large 
amount  of  work  Is  also  required  to  Improve  processing  speed.  Possible  Improvements  Include 
alternative  iterative  solvers  or  preconditioners,  holding  the  Jacobian  fixed  over  a  number  of 
Iterations  or  using  a  quasi-Newton  method  to  update  It  Instead  of  recomputing  at  each  Iteration. 
Another  possibility  Is  partitioning  the  problem  since  only  a  region  about  the  feature  changes  at 
each  Iteration,  with  most  of  the  grid  remaining  Invariant. 
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Flo-2  -  Invarslon  aaquanca  for  parfectly  conducting  featura  on  parfactly 
conducting  substrata,  amplltuda  and  phasa,  i.45°  Incldant 
Illumination 


112 


TRANSVERSE  RESONANCE  ANALYSIS 
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ABSTRACT 

A  numerical  analysis  has  boon  dovolopod  In  order  to  characterize  a  threo  coupled  mlcrostrlp  transmis¬ 
sion  linos  structure.  Tho  method  utilized  Is  based  on  tho  transverse  rosonanco  technique  applied  to  tho 
analysis  of  a  rosonator  obtained  by  Inserting  two  doctrlc  walls  transvorsally  to  tho  direction  of  propaga¬ 
tion  of  the  transmission  lines. 


INTRODUCTION 

Multlcouplod  mlcrostrlp  transmission  lines  have  been  Investigated  recently  by  many  authors  (1,2,3). 
Tho  most  common  approaches  utilized  to  analyze  this  structure  ate  tho  quasi-  static  method  or  tho  spec¬ 
tral  domain  technique.  The  obtained  results  are  suitable  for  a  good  characterization  of  tho  structure  but 
normally  In  the  caso  of  zero  thlcknoss  metallization. 
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In  thl*  pap*  tha  structure  In  fig.  t  has  boon  taken  Into  consideration.  Tha  transverse  tttonaca  appro¬ 
ach  U  p .spend  in  sfuii  id  axiend  iha  analysis  at  ina  cata  ot  rwte  metal  thickness.  In  order  to  study  tha 
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Fig-1 

structure  two  electric  wtDt  art  Inserted  orthogonally  to  iha  propagation  direction  obtaining  a  rectangular 
rttonant  cavity  (4J,  Tha  electromegnetic  field  It  expanded  In  leant  o I TE  and  TM  modet  In  the  transver- 
te  direction.  Assuming  a  fixed  frequency  value  It  pottible  to  obtain  the  rttonator  length  that  It  equal  to 
half  wavelength  of  this  particular  mode. 

The  dielectric  effective  constant  It  reported  lot  the  three  fundamental  modet  at  (unction  o(  the  Ire- 
quency  and  of  the  thickness  metallization. 


TRANSVERSE  RESONANCE  ANALYSIS 


In  this  section  the  transverse  resonan¬ 
ce  technique  It  applied  to  analyze  tha  re¬ 
sonant  cavity  shown  In  figure  2.  Bocauso 
the  structure  presents  a  longitudinal  sym¬ 
metry  plane.  It  Is  possible  to  roplace  this 
plane  with  an  electric  or  a  magnetic  wan 
obtaining  the  two  resonators  of  fig.  3  and 
4 .  For  take  of  brevity  tha  method  will  bo 
discussed  only  lot  the  ca vhywfth  tho  elec¬ 
tric  walls. 

This  resonator  can  be  viewed  In  the  Z- 
direction  as  two  rectangular  waveguides 
separated  by  a  septum  with  two  slots. 

The  electromagnetic  field  in  regions  3 
and  A  can  be  expressed  In  series  of  TE  and 
TM  modes: 


115 


°  E  WW7* *  v**- + ]CG*  («)  *« 

m  ^ 

7?i°  v, »-  +5>i,,M  *«  Xx* 


with  I  «3, 4 


Fig.  4 


where  'I'm  »nd  4>  m  >'•  th#  potential  function*  lor  th*  TE  and  TM  modes.  The  coefficients  Fm(z),  Gm(z). 
Tm(z),  WmW  satisfy  th#  boundary  conditions  for  Z-  -ai  and  Z«aa .  Also  In  region  1  and  2  In  the  two 
slots  the  electromagnetic  field  Is  expanded  In  series  of  TE  and  TM  modes: 
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+ £(0J"  co.  S'i , + c;'i  .]«?»>,)  v,  i',1'1  x  i. 

«  Pi 


whh  |  **1,2. 


Tha  quantity  pq^.Uq^  and,fo®,Vqw  are  respectively  the  propagation  constants  the  potentials  fun* 
cttons  for  TE  and  TM  modas  of  rectangular  waveguide#  wHh  tha  uma  transversal  sections  of  the  two  slots. 
By  Imposing  tha  continuity  of  tha  tangential  electric  and  magnetic  fields  In  tha  two  pianos  Z«0  and  Z-6 
h  Is  posstbla  to  obtain  a  homogenous  linear  system  of  aquations. 

Tha  unknowns  are  tha  expansion  coefficients  AqW ,  Bq  ®,dq®  and  Dq^1  In  tha  slots. 

Tha  condition  for  non  trMal  solutions  Is  a  function  of  tha  resonator  length  /end  of  the  frequency 
equated  to  2ero.  Therefore,  for  a  fixed  frequency  value  h  Is  possible  to  obtain  the  resonator  length,  that  Is 
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Fig-7 


RESULTS 

Tho  presented  technique  Is  now  applied  to  the  study  ol  a  particular  caso.  The  three  coupled  micro- 
strip  transmission  lines  are  considered  on  Alumina  substrate  .635  mm  thick  (t» *•  10). 

The  width  ol  the  central  conductor  Is  150  pm,  the  width  of  the  lateral  conductor  Is  100  pm.  The  slot 
between  the  central  conductor  and  the  lateral  conductor  Is  150  pm.  Bosides  the  caso  ol  zero  thickness 
metallization  (5-0)  three  other  figures  have  been  considered  (6-  15, 30, 45  pm). 

The  effective  dielectric  constant  computed  (or  the  two  modes  corresponding  to  tho  magnetic  central 
plane  ol  symmetry  Is  shown  as  (unction  ol  the  frequency  In  figs.  5a  and  5b. 

The  results  relative  to  the  case  ol  the  electric  contra)  plane  ol  symmetry  are  reported  (unction  ol  tho 
frequency  In  fig.6. 

Moreover  a  comparison  has  been  performed  with  other  results  obtained  using  the  Spectral  Domain  ap¬ 
proach  (5)  to  evaluate  the  refiabSKy  ol  the  achlevod  results.  As  It  Is  shown  In  fig.7  good  agreement  has  bo¬ 
on  obtained. 
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CONCLUSIONS 

Three  coupled  mJcroiirlp  transmission  linet  have  been  characterUsd  In  terms  of  dielectric  effective 
constant  for  th«  three  fundamental  mode*.  A  transverse  r'uorumt  technique  hat  baan  UJ  Led  In  odor  to 
take  Into  account  the  finite  metal  ihleknest, 

A  series  of  rattitJ  for  different  maul  thlckneoi  have  baan  presented. 

Moraovar  good  agreement  vdth  prtvlout  data  presented  In  llttratutt  hat  baan  obtained. 
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CAD  ORIENTED  ENHANCED  MODELS  FOR  PLANAR  STUDS 


lin^UA  J»»  ity  O  mm  *  VAJ 

Dpt.  Electronics  Engineering 


ABSTRACT 

The  effectiveness  of  the  use  of  a  planar  approach  to  fully 
characterize  sorb  commonly  used  Hatching  elements,  like  straight 
and  radial  stubs, is  demonstrated. 

quasi  frequency-independent  wide-bam)  equivalent  Models, 
easy  to  be  implemented  in  the  available  CAD  packages,  are 
derived  and  their  superiority  with  respect  to  the  presently 
achievable  ones  is  theoretically  and  experimentally  pointed  out. 

A  physical  insight  into  the  c.a.  properties  of  such 
structures  is  also  given,  am.  the  resulting  external  frequency 
bohaviour,  is  dcpiched. 


I.  INTRODUCTION. 

Low  impedance  elements  are  widely  usod  in  a  largo  variety  of 
circuital  solutions,  including  matching,  filtering  and  biasing 
networks. 

Nevertheless,  the  low-impedance  requirement  represents  a 
critical  issue,  due  to  the  fact  that  the  geometry  of  the 
corresponding  solution  involves  electromagnetic  phenomena, 
that  cannot  be  properly  takan  into  account  through  the  simple 
and  well-known  line,  i.e.  mono-dimensional,  theory. 

Two  are  the  main  approaches  to  face  a  low  impedance  issue. 

Firstly,  straight  stubs  can  be  used:  in  this  case  the 
inadequacy  of  the  mono-dimensional  approach  can  be  overcome  by 
adopting  a  complete  nodal  thoory  (1),  developed  to  fully 


121 


characterise  the  electromagnetic  features  deriving  from  the 
"planarity'of  the  structure. 

Secondly,  a  different  geometry  can  he  considered,  able  both 
to  provide  the  required  low  inpedance  values  and  to  minimise 
siaply  and  effectively  the  drawbacks  deriving  froa  tho  use  of  the 
wide  rectangular  aatching  elements. 

With  this  respect,  radial  stubs  can  represent  the 
proper  solution  to  the  aentionod  roquirenents  [2).  The  features 
of  those  structures,  in  fact,  nainly  consist  in  a  broadband 
behaviour  together  with  a  well  defined  *lov-inpednnce"  insertion 
point  (3,4). 

Moreover,  tho  coaplete  e.a.  characterisation  of  such 
structures  can  be  carried  out  on  tho  basis  of  tho  saae  aodal 
theory  usable  in  the  case  of  straight  stubs  [5,6).  Finally,  the 
effective  substitution  of  straight  stubs  with  "equivalent"  radial 
ones,  can  bo  easily  achieved  through  the  settleaont  of  a  tight 
correspondanco  between  tho  two  proposed  structures  [7,0). 

Therefore  a  powerful  e.m.  characterisation  of  the  planar 
elements,  through,  for  instance,  tho  above  mentioned  modal 
theory  represents  the  only  viable  solution  to  address  the  issue 
of  a  more  accurate  modelling  of  both  straight  and  radial 
stubs  (9,10). 

Moreover,  a  development  of  lumped  models  bused  on  this 
methodology  (11)  can  represent  a  propor  merging  of  tho  required 
accuracy  with  the  availability  of  friendly  tools  easy  to  be 
implemented  in  the  presently  commercial  CAD  packages,  and  so 
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effectively  usable  in  practical  circuit  design  (12,13,14). 


XX  THEORETICS  CHARACTERIgATIOH 

a.  ggagraJL.at?.oxoach 

The  electromagnetic  behaviour  of  both  straight  and  radial 
stubs  can  be  derived  from  the  application  of  a  previously 
developed  (1)  analysis  technique  for  planar  circuits,  based  on 
the  theory  of  resonant  cavities  and  performed  in  the  specific 
case  of  a  two-port  network  of  a  generic  geometrical  shape. 

The  use  of  this  method  is  particularly  advantageous  as  it 
results  in: 

-  the  Introduction  of  frequency  dependent  effective  parameters 
for  each  resonant  mode  of  the  structure  so  achieving  an 
accurate  description  of  its  frequency  behaviour; 

a  physical  insight  into  the  filtering  properties  of  the 
structure,  resulting  in  a  dependable  basis  of  accurate 
synthesis  tools; 

-  the  evaluation  of  the  structure  impedance  matrix,  which 
represents  a  flexible  tool  for  the  analysis  and  a  key  point 
for  an  effective  lumped  modelling  and  a  resulting  synthesis 
procedure. 


Fig.l 
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The  analysis  of  a  generic  tvo-port  aicrovave  planar  network 
(Pig.  1)  can  ba  performed  by  firstly  evaluating,  in  the  S  domain 
of  the  xy  plane,  the  orthenonaslised  set  of  eihgenfunctiona  of 
the  bl-dimensional  Helmholtz  equation: 

<j>*»0  (i) 

with  homogeneous  Neumann's  boundary  conditions. 

The  confortable  terminal  description  of  the  structure  as  a 
two-port  network  !.n  obtained  by  evaluating  the  impedance  (Z) 

matrix,  related  to  the  dominant  TEH  nodes  of  the  lines. 

Under  the  hypotheses  of  negligible  losses,  evanescent  higher 
order  nodes  on  the  connecting  lines,  and  line  widths  much  smaller 
than  the  structure  dimensions,  the  network  impedance  matrix  is 
given  by: 

CIJ  .  £  C2-1  (2) 

n*o  ' 

with: 


ttml  » 


It  I" 


(2*) 


where  Oa-Ka/Vut^  is  the  nth  structure  resonant  frequency 

and:  " 


*W  =  t2H) 

is  the  coupling  coefficient  between  the  nth  resonant  node  and  the 
TEH  wave  travelling  on  the  ith  lino;  1J,  is  tho  portion  on  the 
planar  structure  contour  corresponding  to  the  ith  port;  K&  and 
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<j>„  arc  the  nth  cigcvaluo  and  eigonfunction  of  eg.  (1) 
respectively;  £m  is  the  effective  permittivity  of  the  mth 
resonant  mode;  h  is  the  substrate  thickness;  Hi, off  is  the 
effective  width  of  the  ith  lino. 


n*  Sfaa  ssraigtit-atuku 

The  modal  approach  can  be  specialised  considering,  as  a 
particular  two-port  network,  two  straight  open  linos  shunt 
connected  to  a  feeding  lino  (Fig.  2).  The  structure  has  a 
separable  geometry  in  rectangular  coordinates,  and  tho 
corresponding  (2)  matrix  con  bo  analytically  derived. 


Under  the  assumption  of  a  double  simmotrical  structure,  tho 
ogs.  (2)  can  be  specialized  to  give: 


tth  £  £  Sn&»<fe 

bX  i~0~o  K^n 


(3) 
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Za-iM  -  £  v  c-ti* 

bt  Vve  „k> 


O') 


whoro 


VC^v  =  r[(w/01+('n/b)t] 


c.  yhO-radla],  stub. 

In  the  cnsa  of  o  radial  stub  (Fig. 3a,  Fig. 3b)  tho  gonoral 
theory  can  bo  sinplificd  and  reduced  to  tho  calculation  of  the 


input  inpcdonca  of  the  structure  in  Fig.  3c,  taking  into  account, 
with  proper  equivalent  goonotrico  (35),  the  e.n.  diffarencies 
related  to  tho  ssynnotrical  (i.e.  "fan")  or  symmetrical 


Moreover,  assuming  the  input  port  to  bo  a  non-significant 
fraction  of  tho  wavelength  and  consequently  that  only  TMon  radial 
nodes  aro  excited,  tho  tominal  description  of  tho  radial  lino 
can  bo  dono  in  terns  of  the  following  input  inpcdanco: 


where  Pon  is  tho  coupling  coefficient  botwoon  the  TEM  nodo  on 
tho  foeding  lino  and  tho  Tnon  node  excited  in  tho  radial 
structure;  Kg  is  tho  wavenumber  of  tho  feeding  lino,  Ko  -CoVJUTp,, 
is  tho  froo-spaco  wavenumber;  £  dn  and  Kon  aro  the  dynamic 
effective  pornittivity  and  the  eigenvalue  of  tho  TMon  node 
respectively. 
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The  effectiveness  of  the  above  described  approach  for  the 
analysis  of  planar  structures,  fully  results  if  it  can  be 
translated  in  CAD-oriented  models  usable  in  broadband 
applications  and  comprehensive  of  almost  all  the  e.m.  phenomena 
occurring  in  a  planar  structure. 

Xn  the  past,  equivalent  circuits  have  been  derived  and 
proposed,  but  with  limited  applicability  in  fraquoncy,  accuracy 
and  possible  geometries  of  plahir  structures  [16,  17]. 

On  the  contrary,  a  c  ,xcuit  was  proposed  ,  whose  elements 
are  frequency  dependent  practically  only  because  of  dispersion 
[11]. 

As  a  consequence  the  equivalent  model  can  be  assumed  to  ba 
constant  with  frequency  in  m  wide  frequency  range  and  its 
applicability  in  broadband  applications  is  straightforward. 

For  a  generic,  symmetric  two-port  planar  structure,  the 

general  equivalent  circuit  in  Fig.  4  can  be  derived  [11]. 

7.  tod 
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The  circuit  is  conposad  of  antirosonant  LC  colls  (with  the 
exception  of  the  electrostatic  term,  corresponding  to  a  pure 
capacitor) .  Each  LC  cell  represents  a  resonant  node  sustained 
by  the  effective  planar  structure,  i.e.  by  a  structure  derived 
from  the  actual  one  having  effective  dimensions  and  permittivity, 
which  are,  in  general,  both  dependent  on  the  field  configuration 
of  the  resonant  mode. 

Only  a  finite  number  of  such  colls  has  to  bo  considered  in 
particular  applications,  depending  on  both  the  frequency  range  of 
interest  and  the  accuracy  to  be  reached. 

a.  Onfl-Bggt.fflodqi ,  for,  radial  .stub .. 

The  above  theoretical  characterization  of  a  lossless  radial 
stub,  can  be  put  into  the  form  of  a  CAD-oriented  equivalent 
circuit  starting  from  the  eq.  (4) .  The  equivalent  lumped  elements 
can  be  easily  derived,  in  fact,  settling  : 


WC°°  1-ciUCea, 


(5) 


Cu».)|e.ej,(,/p4 


whore 


Moreover,  noting  that  the  useful  working  frequency  range  for 
a  radial  line  io  normally  limited  up  to  the  frequency  of  its 
first  infinito  reactance,  the  simplified  model  of  fig.  5  can  bo 


Co  Lo 


used,  where  : 


Cl 

Fig  *5 


Co  -  Coo 
Li 


;  Ci  =  Co4 

*.  Lo  =  iLle* 

« 


TU2 


C.  Tworport ■model  for  straight  stub. 

A  different  approach  has  demonstrated  to  be  more  appropriate 
in  the  development  of  an  equivalent  modal  for  the  electrical 
bohaviour  of  a  two-port  rectangular  structure.  The  usefulness  of 
tho  equivalent  circuit  of  fig.  4,  in  the  analysis  and  the  design 
of  a  microwave  integrated  circuit,  in  fact,  is  practically 
limited  being  quite  apart  from  tho  typical  microwave  designer, 
who  is  used  to  treat  the  circuits  in  terms  of  trasmission  lines 
and  to  add  as  lumped  olemonts  only  tho  results  of  tho  so  called 
"parasitic"  effects. 

Moreover,  tho  presently  available  CAD  packages  are  mostly 
structured  to  be  aligned  with  this  kind  of  approach. 

For  this  reason  oq.  (3)  can  bo  re-written  as: 
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Z.u  =  iai=  iE<,+ 

2-li  = 


wnare 


zs=Hih  £ _ : 

bt  ■rtTo  ,JL 


wtAh  Zes^CWt) 
o4 


bt  ",0  ko.m-u^fs.Jn 

Z**  infill . - +g£„  l£t=3k - .l  =  z'CV4z! 

bfc  [«•»  *•  k^,  -  u^£r«A"  w»i  »io  J 

Zp  =  iadSJir  #  £  ~2*£i2k - ££  %!& - ] = Ztv-Zwi 

Zy  =  M  ^  £  2^-ftV) 

bt  *:•  bt  n.) 


(7) 


with  b,l  and  Wo  effective  dimensions,  U,n  tho  offoctivo 
pornittivity  of  tho  (»,n)th  resonant  node;  h  tho  substrate 
thickness.  Tho  Z-paronotors  expressed  through  cgs.  (6)  and  (7) 
roprosnt  tho  structure  in  fig.  2,  as  a  sub  of  different 
contributions. 

More  exactly  Z'ov  and  Z'od  are  summations  of  all  tho  toms 
having  an  ovon  or  an  odd  "m"  index  respectively;  Zy  takes  into 
account  tho  finite  width  of  tho  input  and  output  ports;  Zs  is 
tho  input  impedance  of  two  shunt  stubs  having  a  width  1  and  a 
length  b/2. 

Tho  described  representations  can  bo  translated  into  tho 
equivalent  circuit  of  fig.  6a  and  6b,  which  fully  describes  tho 
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Fig. 6b 


~~L— -H  — 


frequency  behaviour  of  a  so  called  "Cross-Junction" 
discontinuity. 

IV  PISCVSSIQK 

a.  ThQ-Xfln-flD.^-thQ-M.tt.QrllV-Cflsas 

Tho  accuracy  of  tbo  nodal  approach  and  tho  usefulness  of 
the  proposed  equivalent  nodol  have  boon  chocked  through  thu 
development  of  praticnl  circuits  [7,10J. 

In  particular,  tho  insertion-  dependency  of  the  equivalent 
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nodal  has  bean  stressed  and  cxporiftantaliy  denostratod  (13, IS). 

As  an  example,  the  comparisons  between  the  results  obtained 
Cron  the  above  described  equivalent  nodols  and  the  corresponding 
available  connercial  CAD  simulations  are  reported  in  fig.  7a  and 
7b  (10).  Doth  figures  show  tho  percentage  displacement,  derived 
Cron  different  approaches,  in  tho  radial  stub  induced  trasmission 
zero  frequency,  with  respect  to  a  reference  case  evaluated 
through  the  proposed  equivalent  circuit. 

In  fig.  7a  tho  conparison  for  the  single  radial  stub  in 
shunt  configuration  (i.e.  the  "fan"  stub)  is  shown,  while  7b 
roports  the  conparison  for  the  double  radial  stub  in  shunt 
connection  (i.e.  tho  "butterfly”  stub). 

As  it  can  bo  observed,  both  tho  proposed  model  and  the 
oxporinental  results  point  out  tho  quite  different  frequency 
behaviour  of  the  "fan"  and  the  "butterfly"  insertions. 

It  naans  that  a  successful  sinulation  of  radial  stubs 
requires  the  use  of  an  equivalent  geometry  properly  related  to 
the  particular  insertion  (15).  Moreover,  tho  presently  available 
CAD  packages  seen  to  provide  a  quite  good  agreement  only  in  the 
case  of  tho  "fan"  stub,  but  demostrate  a  poor  accuracy  for  tho 
"butterfly"  configuration. 

d.  ihaJlncross^l-filsBaat; 

Tho  symmetric  cross-junction  is  a  widoly  encountered 
discontinuity  element.  In  many  CAD  packages,  the  simulation  is 
limited  up  to  some  particular  shape  ratios,  because  the 


•  «xp 


134 


equivalent  circuit*  do  not  take  into  the  proper  account  the 
excitation  of  traaversal  Modes,  whose  Importance  becomes  relevant 
with  the  increasing  o f  frequency  and/or  the  lowering  of  the  atub 
i ape da nee. 


The  Modal  theory  and  the  related  equivalent  circuit  do 
not  suffer  fro*  these  linitations  and  give  effective  tools  for 
properly  siaulatlng  all  the  possible  geoMotries  independently 
fro*  their  shape  ratios,  so  widening  the  range  of  validity  of 
the  existing  equivalent  Models. 

A  coaparison  between  experiments  and  simulations  achieved 
from  the  node  based  models  and  widespread  ^commercial  CAD 
packages  is  presented  in  fig.  8a  and  ab  for  two  specific 
geometries. 

The  accuracy  of  the  commercial  code  is  acceptable  only  for 
rectangular  stubs  having  a  quite  narrow  width,  where  it  becomes 
extremely  poor  for  wide  transversal  dimensions.  On  the 
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contrary,  the  planar  approach  and  tha  related  equivalent  circuit 
on  Jig.  «  fit  tha  axparimanta  whatever  tha  atructura  aixe. 


v  coMcmsicua 

Planar  atuba,  both  in  tha  atraight  and  radial  ahape,  ara  a 
propar  aolution  for  tha  lov-inpadance  iaaua.  Moreover,  a  nodal 
thaory  rapraaanta  a  powarful  approach  to  fully  characterize  their 
electromagnetic  featuraa  and  it  can  ba  eaaily  tranalatad  in  very 
affective  Xuaped  equivalent  circuita,  aaay  to  ba  implemented  in 
tha  presently  available  commercial  packagea.  Tha  propoaed  modala, 
baaed  on  a  dynamic  approach,  fully  daacriba  the  frequency 
behaviour  of  tha  atructura,  ao  overcoming  tha  limita  of  tha 
previoualy  propoaed  quaai-atatic  approximationa. 
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The  values  of  the  equivalent  components  are  pratlcally  aa£ 
frequency  dependent,  with  the  exception  for  the  very  moderate 
dispersion  effect,  so  enhancing  tho  effectiveness  of  already 
proposed  frequency-dependent  elements. 

The  frequency  rango  of  validity  of  tho  equivalent  circuit  is 
much  broader  with  respect  to  the  existing  ones  and  it  is 
Intrinsically  potential  of  a  further  broadening  by  adding  further 
lumped-element  cells. 
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ABSTRACT 

The  Communications  Engineering  Design  System  (COEDS)  developed  at  the 
University  of  Kansas  is  a  Computer  Aided  Analysis  and  Design  (CAAD)  tool  for 
Electromagnetic  Intcrfcrcnce/Elcctromagnctie  Compatibility  (EMl/EMC)  analysis  of 
colocated  communications  equipment.  COEDS  has  been  designed  as  a  shell  or 
wrapper  around  codes  previously  implemented,  providing  intelligent  user 
interfaces  for  data  entry,  a  smart  postprocessor  to  display  data  in  a  "thought 
enhancing"  manner,  and  all  data  management  functions.  Tire  COEDS  shell  can  also 
be  applied  to  other  EMl/EMC  codes  and  can  be  adapted  to  other  large  programs. 
COEDS  permits  the  EMl/EMC  engineer  to  determine  the  interference  between 
communication  systems  where  the  principle  coupling  results  from  the  antenna  to 
antenna  interactions  causing  multiple  unwanted  signals  to  enter  sensitive  receivers. 

Introduction 

The  design  of  communication  systems  generally  follows  well  developed 
methodologies  which  have  been  successfully  extended  to  distributed  networks  with 
many  nodes.  When  nodes  for  different  networks  are  colocated  in  a  relatively 
confined  area  such  as  is  found  aboard  ships,  communication  "huts"  and  so  forth, 
interference  occurs  between  the  networks  because  of  mutual  coupling  between 
antennas.  There  are  other  mechanisms  that  cause  Electromagnetic  Interference 
(EMI),  however,  most  of  the  effort  at  achieving  Electromagnetic  Compatibility 
(EMC)  has  focused  on  analysis  and  methods  of  overcoming  the  antenna  coupling 
effects. 

Over  the  past  ten  years,  under  sponsorship  of  the  Naval  Ocean  Systems  Center 
(NOSC),  several  computer  programs  have  been  created  by  the  Electromagnetic 
Compatibility  and  Analysis  Center  (ECAC)  to  perform  EMl/EMC  analyses  for 
situations  such  ns  those  described  above.  The  methodologies  employed  for  analysis 
have  been  sufficient  but  laborious  (Rockway78).  The  programs  developed  require 
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extensive  data  preparation  and  careful  control  of  data  management  and  produce 
large  volumes  of  tabular  data  which  are  difficult  to  interpret  and  even  more  difficult 
to  use  in  an  iterative  design  procedure.  Tire  Communications  engineering  Design 
System  (COEDS)  was  conceived,  designed  and  implemented  ns  a  shell  or  wrapper 
around  these  codes  to  provide  an  intelligent  user  interface,  data  flow  and  program 
control,  and  a  postprocessor  that  would  present  the  data  to  the  design  engineer  in  a 
"thought  enhancing"  manner.  COEDS  can  also  serve  as  a  model  for  similar  shells 
that  may  be  developed  to  interface  to  other  EMI/EMC  programs  such  as  the 
Numerical  Electromagnetic  (NEC)  codes.  Titus,  COEDS  is  a  prime  example  of 
rouscablc  software  which  can  be  adapted  to  other  EMI/EMC  codes. 

Systems  Analysis  Using  COEDS 

The  present  design  procedure  for  communication  systems  involves  an  iterative 
process.  A  candidate  design  is  analyzed  in  terms  of  the  amount  of  interference 
caused  by  colocated  equipment.  If  the  degree  of  cosite  interference  Is  greater  than  the 
ambient  noise  level,  then  the  EMC  requirements  have  not  been  satisfied  and  an 
alternative  design  must  be  formulated.  Tire  approach  used  in  producing  an 
alternative  design  may  exercise  one  of  the  following  options:  change  equipment; 
add  filtering  on  the  transmit  or  receive  side  of  the  system;  change  the  location  of  the 
cntenna(s);  provide  for  frequency  management  by  increasing  the  frequency 
separation  between  the  transmitter  and  receiver,  nnd/or  assigning  inlcrmodulation 
free  frequency  sets;  support  power  management  by  reducing  transmitter  power; 
provide  for  time  management  by  monitoring  the  number  of  simultaneous 
transmissions  or  duty  cycles;  or  reduce  design  goals  and  accept  interference 
interaction  (U88). 

COEDS  can  be  used  to  analyze  and  synthesize  the  effects  of  most  of  the  above  design 
improvement  methods.  In  this  paper,  we  will  discuss  the  COEDS  structure  and 
provide  some  typical  examples  of  system  use.  Specifically,  COEDS  uses  existing  code 
for  communication  systems  analysis  when  determining  the  degree  of  interference  at 
a  receiver  caused  by  colocated  transmitters.  A  number  of  interference  sources  are 
considered  including  simple  broadband  noise,  spurious  transmitter  emissions  and 
spurious  receiver  responses,  transmitter  and  receiver  inlcrmodulation,  and  coupler 
harmonics.  Once  data  arc  obtained  regarding  the  amount  of  interference  present  at 
the  receiver  from  as  many  as  forty  neighboring  transmitters,  COEDS  can  be  used  to 
determine  the  frequency  separation  required  for  the  system  to  be  nmbient  noise- 
limited  rather  than  interference-limited,  or  to  investigate  other  interference 
mitigation  techniques.  Successive  analyses  of  the  communications  system  are  based 
on  test  plan  structures  which  allow  the  user  to  choose  the  frequency  intervals  at 
which  a  transmitter  is  tuned  with  respect  to  a  victim  receiver  in  the  system. 
Various  test  plan  types  can  be  specified  depending  on  the  classifications  of 
interference  interactions  to  be  considered. 
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COEDS  Architecture 


COEDS  was  developed  as  an  interactive  CAAD/CAE  workstation  tool.  The  system, 
shown  in  Figure  1,  is  based  on  four  functional  modules  which  illustrate  the  range  of 
functionality  provided  by  COEDS:  (1)  Platform  Database  Operations;  (2)  Platform 
Viewer;  (3)  Configuration  Viewer;  and  (4)  EPF  (Equipment  Parameter  File)  Viewer. 

Platform  Database  Manipulations 

The  iterative  nature  of  the  design  process  requires  the  capability  for  freedom  of 
movement  through  the  space  of  alternative  designs.  In  order  to  achieve  an  optimal 
configuration,  the  engineer  must  be  able  to  view  the  alternatives  in  an  efficient 
manner.  The  Platform  Database  stores  the  user's  design  instantiations  (referred  to 
as  configurations  in  the  COEDS  system)  as  well  as  analysis  results  for  each  design. 
Platform  Database  operations  allow  the  user  to  review  the  steps  that  he  or  she  has 
taken  in  the  process  in  order  to  compare  alternative  designs  and  analysis  results. 

Platform  Viewer 

The  Platform  Viewer  allows  the  user  to  create  and/or  open  a  platform  for 
communications  system  design.  A  particular  platform  may  have  several 
configurations  associated  with  it,  each  of  which  represents  an  alternative  design. 
One  of  the  functions  provided  In  the  viewer  is  the  capability  to  input  antenna  to 
antenna  coupling  for  the  platform. 

Antenna  to  antenna  coupling,  the  chief  mechanism  allowing  the  mixing  of 
interfering  signals,  is  input  to  COEDS  in  one  of  several  ways.  External  files  of 
coupling  data  obtained  from  measurements  or  calculated  from  NEC  codes  may  be 
used.  Coupling  data  can  be  input  using  a  point  curve  input  module  that  permits  the 
engineer  to  place  the  antenna  coupling  versus  frequency  points  on  a  curve  using  the 
mouse  or  keyboard.  Alternatively,  simplified  equations  incorporated  in  the  analysis 
engines  may  be  used  to  calculate  the  coupling  from  the  physical  locations  of  the 
various  antennas. 

Antennas  are  modeled  as  ideal  elements  in  so  far  ns  impedances  are  concerned. 
COEDS  has  the  capability  of  placing  a  coupler  or  filter  in  scries  with  the  antenna 
representing  the  power  transmission  loss  versus  frequency  arising  from  the  actual 
antenna  impedance.  A  antenna  impedance  matching  program  developed  at  NOSC 
is  also  included  that  calculates  matching  networks. 

Configuration  Viewer 

Once  a  platform  has  been  selected  with  the  Platform  Viewer,  a  configuration  can  be 
built  using  the  block  diagram  editor,  analyzed  by  specifying  a  test  plan  and  running 
the  appropriate  analysis  engines,  and  evaluated  by  viewing  graphical  ouput  with  the 
COEDS  postprocessor. 
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An  engineer  normally  thinks  In  tenns  of  block  diagrams.  Therefore,  the  user 
Interface  to  COEDS  was  designed  to  allow  the  engineer  to  build  a  block  diagram  for 
the  communications  system  on  the  screen  using  equipment  "black  boxes". 
Available  equipment  Is  displayed  via  pop  up  menus  and  can  be  selected  by  pointing 
and  clicking  with  a  mouse.  Using  a  mouse  and  menu-driven  approach  for  data  and 
command  entry  minimizes  the  requirements  for  error  checking  and  reduces  the 
possibility  of  the  user  entering  erroneous  data. 

A  communications  suite  is  constructed  using  the  block  diagram  editor.  Operations 
which  are  available  to  the  user  Include  adding  and  deleting  blocks,  changing  the 
connectivity  between  blocks,  adjusting  equipment  parameters,  and  moving  tht 
blocks  around  on  the  screen.  The  blocks  arc  specified  as  transmitters,  receivers, 
couplers  (filters),  decouplers  and  antennas.  The  engineer  selects  the  various  blocks, 
interconnects  them  and  sets  key  parameters  such  as  the  physical  location  of 
antennas,  the  range  of  frequencies,  modulation  types,  power  transmitted  and  so 
forth.  After  a  system  is  built  with  the  block  diagram  editor  and  configured  with  the 
desired  parameters,  it  is  saved  in  the  platform  data  base  with  any  other 
configurations  instantiated  for  the  current  platform.  Once  the  configuration  is 
saved,  the  engineer  docs  not  have  to  enter  any  further  equipment  parameters  or 
values.  All  data  arc  automatically  passed  to  the  appropriate  modules.  At  this  time 
the  communications  engineer  can  create  a  desired  test  plan  for  specific  or  generic 
compatibility  analyses.  COEDS  will  then  generate  the  equipment  connectivity, 
extract  the  appropriate  data,  and  run  the  analysis  engines  for  interference 
computations. 

Sy.Urm.AnilynU 

Predicting  cosltc  interference,  performance  degradation,  and  link  performance  is 
accomplished  using  batch  programs  integrated  into  COEDS.  The  batch  programs 
used  are  COSAM  II  (Clubb87)  for  interference  and  degradation  and  LINCAL 
lRodcr79)  for  link  analysis. 

COSAM  II  operates  in  two  different  modes,  a  System  Performance  Score  (SPS)  mode 
and  a  Necessary  Desired  Power  (NDP)  mode.  In  the  SPS  mode,  the  engineer  sets  or 
uses  predetermined  levels  of  received  sensitivity.  The  system  then  calculates,  as 
one  output  product,  the  probability  of  successful  communications  for  ambient  noise 
limited  and  interference  limited  conditions.  In  the  ND't?  mode,  target  performance 
indices  are  set  by  the  engineer  and  the  system  calculates  the  required  receiver  input 
signal  power  to  achieve  these  goals  for  both  ambient  noise  limited  and  interference 
limited  situations. 

While  these  output  products  are  satisfactory  for  a  comprehensive  final  report,  they 
do  not  lend  themselves  to  the  needs  of  an  engineer  in  art  iterative  design  process. 
One  of  the  interim  calculated  products  is  the  equivalent  on  tune  power  (PINO)  for 
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each  Interaction  at  each  receiver.  Given  the  PINO  at  a  receiver,  the  Excess 
Interference  Level  (GIL)  is  defined  as  the  amount  by  which  the  PINO  exceeds  the 
ambient  noise  power  at  the  receiver  (Rockway78).  This  EIL  value  represents  the 
additional  isolation  needed  between  systems.  Since  the  communications  system 
under  analysis  will  always  suffer  the  effects  of  ambient  noise,  an  EIL  value  of  zero 
denotes  the  elimination  of  cosite  interference  and  thus,  the  achievement  of  EMC 
requirements.  A  frequency  management  plan  which  maintains  compatibility  can  be 
specified  by  determining  the  frequency  separation  required  to  achieve  zero  EIL  for 
each  equipment.  Alternatively,  additional  filtering  can  be  Inserted,  selected 
transmitter  powers  reduced,  antenna  Isolation  increased  by  repositioning  the 
antennas  and  so  forth. 

LINCAL  calculates  groundwavc  and  skywavc  propagation  losses,  as  well  as  received 
signal  statistics  based  on  transmit  frequency,  power,  and  distance.  Once  a  frequency 
plan  has  been  determined  and  the  required  signal  to  noise  plus  interference  levels 
established,  LINCAL  can  be  used  to  determine  the  achieved  quality  of  service  for 
specified  circuits  between  remote  nodes  when  the  nodes  are  in  a  complex 
interference  environment. 

The  COEDS  interface  to  these  batch  programs  is  the  test  plan  generator.  The  test 
plan  generator  allows  the  user  to  specify  sets  of  parameters  based  on  the  type  of  test 
plan  chosen.  The  various  types  are  as  follows:  isolation  study;  intcrmodulation 
study;  spurious  emissions/response  study;  compatibility  analysis;  and  link  analysis. 

An  Isolation  study  In  Hie  COEDS  system  will  perform  adjacent  signal  and  broadband 
interference  analysis  automatically  to  determine  minimum  transmitter-receiver 
frequency  spacing.  This  test  will  show  how  dose  each  transmitter  can  operate  to 
each  receiver  for  the  most  efficient  use  of  the  frequency  spectrum.  The  minimum 
separation  between  each  receiver  and  transmitter  is  determined  by  calculating  the 
performance  degradation  from  adjacent  signal  interference  and  broadband 
transmitter  noise  as  a  function  of  transmitter-receiver  frequency  spacing. 

An  intcrmodulation  study  in  COEDS  will  evaluate  the  effect  of  intcrmodulation 
products,  harmonic  products  and  cross  modulation  products  which  may  be 
generated  in  transmitters,  couplers  or  receivers.  The  interfering  effect  of  these 
products  does  not  depend  on  frequency  spacing  but  on  the  ratio  (fl/f2)  between 
emitter,  oscillators  and  intermediate  frequencies.  Slight  changes  in  an  emitter 
frequency,  reduction  In  power,  addition  of  filters  or  denying  particular  operating 
frequencies  to  a  transmitter  or  receiver  will  eliminate  product  effects.  The  results  of 
the  product  study  can  be  used  either  to  confirm  that  a  given  frequency  plan  may  be 
used,  or  to  show  which  discrete  frequencies  in  a  band  should  not  be  used  to  achieve 
EMC. 

A  spurious  emissions/response  study  will  consider  exclusively  the  interference 
generated  by  spurious  emission  and  spurious  response  interactions.  Compatibility 
studies  take  into  account  all  possible  interactions  including  intcrmodulation 
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products,  harmonic  products,  cross  modulation  products,  adjacent  signal  analysis 
and  spurious  emissions/spurious  response. 

tlnk  analyses  predict  the  link  range  between  a  system  receiver  and  a  remote 
transmitter.  Typically  the  link  range  Is  limited  by  cosite  interference,  ambient  noise 
and  receiver  intrinsic  noise.  Tire  objective  in  eositc  analysis  is  to  reduce  cosite 
interference  to  a  level  whereby  it  does  not  limit  link  range.  Tire  goal  is  to  balance 
the  Interferes  and  other  noise  so  that  the  link  is  limited  only  by  ambient  noise  and 
Intrinsic  noise. 


l&tpJCQCttiQC 

One  of  the  strengths  of  the  COEDS  system  is  the  Postprocessor  subsystem.  It 
manages  the  data  generated  during  the  various  analyses,  presenting  essential 
information  needed  by  the  engineer  for  the  various  tasks  at  hand,  interference  and 
performance  prediction  results  arc  arranged  hierarchically  in  graphical  and  pictorial 
format  from  the  most  general  view  to  more  specific  views.  This  allows  the  engineer 
to  look  at  the  overall  performance,  quickly  select  the  most  damaging  interference 
and  focus  on  the  specific  devices  which  cause  the  problem.  Various  graphical  aids 
arc  included  to  help  the  engineer  select  appropriate  mitigation  techniques. 

Equipment  Parameter  File  Viewer 

The  Equipment  Parameter  File  Viewer  allows  for  access  to  the  communications 
equipment  contained  In  the  equipment  data  bases.  The  data  bases  store  the 
equipment  operating  parameters  and  performance  degradation  curves  required  by 
the  analyses  engines.  When  building  a  block  diagram,  the  user  chooses  equipment 
for  the  communications  system  from  these  data  bases.  The  Viewer  included  in 
COEDS  is  used  to  set  values  in  the  block  diagram,  search  the  data  base  for  alternative 
Items  or  to  check  the  range  of  values  for  the  selected  items.  In  addition  to  the 
equipment  contained  in  the  inventory,  COEDS  has  the  provision  to  add  equipment, 
modify  equipment  or  alter  key  parameter  values. 

System  Example 

An  example  of  EMC  analysis,  using  COEDS,  Is  explained  in  the  following  section. 
Figure  2  shows  an  example  HF  system  with  three  transmitters,  a  coupler  and 
decoupler,  one  receiver,  and  two  antennas.  The  purpose  of  the  example  is  to 
demonstrate:  the  steps  used  to  divide  the  cosite  problem;  the  methods  of  displaying 
ir  rfercnce  interactions,  performance  degradation,  and  link  performance;  and  the 
it.  itivc  approach  used  to  identify  and  reduce  the  most  damaging  interference.  The 
example  illustrates  analysis  and  prediction  methods  only  and  is  not  intend’d  to 
represent  an  actual  system. 

The  example  analysis  follows  four  steps:  (1)  Adjacent  signal  analysis  to  determine 
minimum  transmitter/rccciver  frequency  spacing;  (2)  Interniodulation  analysis  to 
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determine  undesirable  frequency  combinations  and  maximum  allowable 
transmitter  power;  (3)  Frequency  selection  and  system  connectivity  adjustments  in 
order  to  mitigate  problems  found  in  steps  1  and  2;  (4)  Receiver  performance 
degradation  and  link  performance  prediction  in  the  presence  of  all  known  cosite 
interferers.  Decause  of  the  case  in  changing  the  system  and  automatically  updating 
the  system  data  base,  the  system  may  be  changed  at  any  time  during  the  analysis. 
Tills  allows  for  an  iterative  approach  to  reduce  interference  to  a  level  whereby  EMC 
Is  achieved. 

Analysis  Example 

In  step  one  of  the  analysis  we  investigate  the  effects  of  transmltter/receiver 
frequency  spacing  on  receiver  performance.  For  the  most  efficient  use  of  the 
spectrum  and  to  be  able  to  have  the  maximum  number  of  frequencies  available,  we 
want  to  know  how  dose  each  transmitter  can  operate  to  each  receiver.  Figures  3a 
and  3b  show  the  results  of  adjacent  signal  analysis  by  the  frequency  of  the  interferers 
and  the  relative  interfering  power.  The  frequency  of  the  receiver  being  analyzed  is 
denoted  by  the  dashed  line  to  draw  attention  to  the  main  area  of  interest.  We  are 
concerned  with  the  effect  of  the  transmitters  on  an  Individual  receiver.  The  relative 
power  of  each  interferer  is  shown  as  the  amount  by  which  the  interference  power 
exceeds  a  certain  threshold.  This  value,  the  Excess  Interference  Level  (EIL),  is 
calculated  such  that  an  EIL  value  of  0  dB  represents  the  threshold.  A  level  above  0 
dB  will  not  meet  EMC  requirements.  A  level  below  0  dB  and  the  receiver 
performance  will  meet  or  exceed  EMC  requirements. 

In  Figures  3a  and  3b,  receiver  1  is  shown  as  being  tuned  at  3.12  MHz.  The  Interfering 
signals  and  their  interfering  effects  (EIL)  arc  shown  as  Icons  on  the  graph,  at 
frequency  spadngs  of  2.5,  5,  and  10  percent  away  from  the  operating  frequency  of 
receiver  1.  These  figures  show  that  transmitters  1  and  2  Interfere  with  receiver  1  at 
frequency  separations  of  10  percent  or  less.  Regardless  of  intcrmodulation,  spurious 
emission  and  harmonic  products,  the  system  Is  fundamentally  limited  by  adjacent 
signal  noise.  To  reduce  the  effect  of  adjacent  signal  noise  to  an  EIL  of  0  dB  without 
resorting  to  extremely  large  frequency  separations,  either  the  system  connectivity 
can  be  changed  or  the  equipment  can  be  changed.  As  it  is  usually  very  difficult  to 
increase  the  antenna  Isolation  we  have  changed  the  method  of  coupling  transmitter 
1  and  receiver  1  to  antenna  1  by  adding  two  additional  couplers.  The  revised  system, 
shown  in  Figure  4,  was  entered  into  the  COEDS  adjacent  signal  analysis  model  with 
the  results  shown  in  Figures  5a  and  5b.  The  result  of  changing  the  coupling  was  to 
reduce  the  adjacent  signal  noise  in  receiver  1.  Figure.-:  5a  and  5b  show  that  if 
transmitters  2  and  3  operate  at  1.5  percent  spacing  or  greater,  then  broadband  noise 
will  not  limit  system  performance.  By  establishing  this  minimum 
transmitter/rccclver  frequency  spacing,  the  frequency  requirements  for  EMC  have 
be  determined. 

In  step  two  of  the  analysis,  we  investigate  the  effects  of  intermodulation  products, 
harmonic  products,  and  cross  modulation  products  which  may  be  generated  in 
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transmitters,  couplers  or  receivers.  Due  to  the  fau  that  these  effects  are  nonlinear, 
results  cannot  be  derived  for  a  band  of  frequencies.  Instead,  the  user  must  evaluate 
the  system  at  discrete  frequency  values  and  repeat  the  process  until  a  satisfactory 
level  of  performance  is  achieved.  An  advantages  of  using  COEDS  in  this  step  of  the 
design  is  the  case  of  changing  frequency  values  for  evaluation.  The  results  of  an 
example  Intermodulation  study  are  shown  In  Figures  6a  and  6b  by  the  frequency  of 
the  interferer  and  the  relative  interfering  power  of  the  intermodulation  product 
term  (EIL).  Tire  results  of  the  study  are  shown  for  receiver  1  and  all  the  products 
from  transmitters  1, 2,  and  3.  The  figures  show  that,  for  receiver  1,  all  frequency 
products  produce  an  EIL  value  less  than  0  when  the  interfering  transmitters  are 
tuned  at  a  frequency  spacing  of  10  percent.  Figure  6a  demonstrates  the  effects  with 
transmitters  1  and  2  tuned  10  percent  below  the  receiver  operating  frequency  while 
Figure  6b  shows  a  separation  10  percent  above  the  receiver  frequency.  Additional 
analyses  must  be  evaluated  In  order  to  determine  if  a  smaller  frequency  spacing  can 
be  used.  Tire  point  of  this  example  is  to  show  the  capabilities  of  COEDS  when 
evaluating  various  frequency  plans  for  a  system. 

Tire  final  step  In  the  analysis  is  to  predict  link  range  between  the  system  shown  In 
Figure  4  and  a  remote  transnritter.  Figure  7  shows  the  difference  between  noise- 
limited  service  and  interference-limited  service.  Tire  top  curve  In  Figure  7  shows 
link  range  when  receiver  1  is  limited  only  by  ambient  and  intrinsic  noise.  Tire 
bottom  curve  in  Figure  7  shows  the  link  range  when  receiver  1  is  primarily  limited 
by  interference  interactions.  For  the  example  shown,  the  effect  of  cosite  interference 
is  to  reduce  maximum  link  range  by  approximately  30  km.  Thus,  the  meeting  of 
EMC  requirements  for  colocated  equipment  by  the  reduction  of  cosite  interference 
provides  the  additional  benefit  of  improved  link  performance. 

Future  Work 

COEDS  was  designed  to  permit  the  inclusion  of  additional  analysis  engines  in  future 
versions  or  for  the  replacement  of  the  engines  with  other  communications  systems 
analysis  tools.  The  control  structure  of  COEDS  is  written  in  LISP  and  can  operate 
with  auxiliary  code  in  any  major  programming  language.  Planned  future 
enhancements  include  the  addition  of  an  antenna  data  base,  n  frequency  hopping 
and  spread  spectrum  model  for  interference,  a  PC-based  system,  and  a  knowlcdgc- 
based  version  for  automated  design. 

Summary 

COEDS  is  an  interactive  CAAD/CAE  workstation  tool  to  be  used  as  an  aid  in 
predicting  interference,  performance  degradation  and  link  performance  when 
determining  the  degree  of  EMC  for  cositc  communications  systems.  An  example 
was  shown  which  demonstrated  the  block  diagram  interface,  automated  program 
operation,  generation  of  graphical  output,  and  ease  of  use  in  changing  the  design  to 
meet  performance  criteria.  Key  features  of  COEDS  are  the  block  diagram  editor, 
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configuration  data  base,  the  test  p’an/frequcncy  plan  generator*  use  of  a  mouse  to 
point  and  select  for  all  input  and  execution*  and  a  postprocessor  for  output  displays. 
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Figure  1.  COEDS  Architecture. 
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Modeling  Unintentional  Sources  of  Electromagnetic  Radiation 


To44  It.  tUfa'ii);  J.  Frw»k  KaoffiwM 
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Mitraei  •  Sup{>tci*ing  the  ckeirumagKtic  ema¬ 
nations  from  unmictiiiofu!  radiation  sources  Is  a 
growing  concent.  A  variety  of  simple  radiation 
ttwdcl*  arc  used  by  cfcctfunie  rireuit  an«l  systems 
designer*  to  help  them  locate  ami  evaluate  potential 
source*  of  radiation,  However,  the  powerful 
numerical  modeling  technique*  that  are  widely  mol 
to  analyse  antenna  designs,  are  rarely  applied  to 
unintentional  radiation  sources,  Nunscriea)  CM 
analysis  code*  that  work  well  for  modeling  antenna* 
arc  not  readily  applied  to  device*  that  arc  not 
designed  to  radiate.  The  analysis  of  unintentional 
radiation  source*  presents  a  unique  *ct  of  problem*. 
TW*  {taper  investigate*  some  of  thcac  problem*  and 
illustrate*  them  using  simple  model*  for  a  video 
display  terminal.  Approaches  to  the  analysis  of  this 
model  using  caitt'mg  moment-method  algorithms 
are  investigated.  ‘Out  investigation  reveals  some  of 
the  weaknesses  of  the  witting  teeliniques  and  make* 
it  clear  that  a  new  approach  Is  needed.  Although 
tltis  approach  is  yet  to  be  defined,  essential  features 
of  such  an  approach  and  llsc  incorporation  of  these 
features  in  a  computer  modeling  code  are  discussed. 

Introduction 

Unintentional  source*  or  electromagnetic  radi¬ 
ation  have  been  the  object  of  an  increasing  amount 
of  concent.  Many  countries,  including  tlte  U.S., 
regulate  the  electromagnetic  emissions  from  unin¬ 
tentional  sources  such  as  computers  and  computer 
peripheral*.  Tire  trend  towards  faster,  more  sophis¬ 
ticated,  but  less  expensive  computing  devices  lias 
made  it  much  mom  difficult  for  computer  manufac¬ 
turers  to  meet  these  requirements  using  traditional 
methods.  There  is  an  increasing  -reed  for  EM  (nod¬ 
ding  algorithms  thst  ran  be  applied  to  unintentional 
radiation  sources. 


Unfortunately,  most  unintentional  radiation 
sources  are  very  complex.  It  is  not  usually  dear 
whkh  parameter*  of  the  source  are  critical  to  its 
analysis,  For  example,  a  video  display  terminal 
may  contain  several  high-frequency  circuit  cards, 
internal  wires,  and  external  power  and  signal  cables. 
Modeling  every  circuit  and  wire  using  numerical 
modeling  techniques  is  not  usually  practical.  Exces¬ 
sive  amounts  of  computation  would  be  required  and 
existing  numerical  techniques  arc  unable  to  model 
this  type  of  hlghly-compka  source.  It  would  be 
much  better  to  eliminate  those  wires  and  circuits 
that  do  not  have  a  significant  dTcct  on  the  radiation 
prior  to  the  application  of  a  numerical  tedmique. 

When  modeling  sources  that  arc  dcsipwd  to 
radiate,  it  is  relatively  easy  to  dctcmvne  which 
parameters  are  important  enough  to  be  included  in 
llsc  model.  However,  the  radiation  mechanism  of 
unintentional  sources  is  not  usually  well- 
understood.  'Hie  high-frequency  coupling  between 
circuits  makes  it  difficult  to  determine  one  specific 
source  and  there  are  often  several  possible  radiating 
elements. 

Exampl* 

Consider  the  video  display  terminal  (VDT) 
illustrated  in. Figure  1.  Rather  than  attempting  to 
model  all  of  the  significant  parameters  immediately, 
it  is  often  useful  to  start  with  a  simple  model  of  a 
primary  radiation  mechanism.  Once  the  behavior 
and  limitations  of  the  simple  model  are  well  under¬ 
stood,  other  parameters  of  the  VDT  can  be  included 
in  the  model.  In  this  way,  the  potential  significance 
of  these  parameters  can  be  evaluated. 

If  the  VDT  is  small  relative  to  a  wavelength  at 
the  frequencies  of  interest,  it  is  reasonable  to  expect 


|l,2|  Out  the  common-mode*  currents  induced  on 
live  atiaelred  cables  we  the  most  significant 
electromagnetic  radiation  source.  The  simplest  pos¬ 
sible  model  of  the  VDT  therefore  consists  of  a  cable 
and  a  soui«  tint  puts  current  on  the  cable.  Since 
only  common-mode  currents  tue  being  considered, 
the  cable  can  be  modeled  with  a  solid  wire.  A 
source  on  the  end  of  the  wire  supplies  the  current 
and  an  undetermined  length  of  wire  on  the  opposite 
side  of  ihc  source  models  the  pans  of  the  VDT  that 
are  drbe<n  relative  to  tire  cable. 

Although  figure  1  represents  a  very  crude 
model  of  a  complex  device,  it  is  readily  analyzed 
and  can  tel)  us  many  important  things  about  lire 
way  this  device  radiates.  For  example,  the  current 
distribution  (tliough  not  the  amplitude)  on  tire  cable 
can  be  calculated  for  various  cable  positions,  termi¬ 
nations  and  frequencies.  By  setting  bounds  on  tire 
length  of  the  wire  segment  above  tire  source  (based 
on  the  dimensions  of  the  VDT),  useful  information 
pertaining  to  the  input  impedance  and  possible  res¬ 
onant  frequencies  can  be  obtained  (2], 


This  model  can  be  Improved  somewhat  by 
modeling  the  source  with  greater  detail.  Compar¬ 
isons  with  actual  measurements  or  experience  with 
VDT  testing  are  useful  for  estimating  a  voltage  level 
and  source  impedance  to  use  in  the  m>dcl.  Filters, 
ferrites,  or  shields  that  are  designed  to  reduce 
common-mode  currents  on  the  eabtc  can  be  added 
to  the  model  to  predict  their  effectiveness.  For 
example,  a  source  model  for  a  50-ohm  circuit  above 
a  ground  plane  In  a  VDT  with  a  ferrite  choke  on 
the  rower  cable  might  be  modeled  as  shown  in 
Figure  2,  This  type  of  model  is  more  accurate  than 
the  single  wire  model  and  ean  provide  useful  infor¬ 
mation  about  the  effect  that  tire  ground  plane, 
circuit  resistance  and  femte  impedance  have  on  the 
radiation  from  the  VDT. 

Numerical  Technique* 

Models  such  as  the  one  In  figure  2  consisting 
of  three-dimensional  circuit  layouts  in  tire  presence 
of  nearby  metal  plate*  and  cables  are  vety  useful  for 
analyzing  a  variety  of  electromagnetic  compatibility 
problems.  Unfortunately,  this  type  of  configuration 


llttut  2.  Circuit  with  GiouM  Plant  and  Attached  Cabk 


•  Common-mode  current  w  the  component  of  the  cable  current  that  fiows  in  Ihc  same  direction  on 
all  conductors  as  opposed  to  differential  or  normal-mode  current  which  (lows  in  opposite  direction! 
using  different  conductors  in  the  same  cable. 
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is  not  readily  analyzed  using  cutting  numerical  UM 
analyst  techniques. 

A  finite-element  technique  would  appear  to  he 
appropriate  for  modeling  electrically  small  circuits 
and  metal  plater,  however  most  practical  uninten- 
tional  source  models  have  relatively  long  attached 
wirci  |2|.  For  this  reason,  a  moment-method  tech¬ 
nique  it  preferred.  Unfortunately,  a  survey  of 
cutting  moment-method  algorithm!  did  not  turn  up 
any  readily-availahlc  coder  capable  of  modeling  this 
type  of  configuration. 

Two  of  tire  coder  that  were  evaluated  did 
come  clow  however.  The  liSl'II  code  |3|  developed 
at  Ohio  State  University  models  wires  and 
conductive  surfaces  and  can  accurately  calculate  the 
Input  impedance  of  a  source  near  a  wire  attachment. 
It  does  not  model  wire  attachments  near  the  edge  of 
a  plate  however  (prohibiting  wire  attachments  to 
electrically  small  plates)  and  it  could  not  analyze 
wire  attachments  to  opposite  sides  of  a  thin  plate. 
The  Numerical  lllectro magnetics  Code  (NI;C)  |4| 
developed  at  ijwrvncc  livetmore  National  labora¬ 
tories  models  wire  attxhmcnts  near  the  edge  of  a 
surface  and  on  both  aides  of  a  surface.  It  docs  not 
however,  model  thin  surfaces  very  well  and  calcu¬ 
lations  of  the  input  impedance  of  a  source  near  a 


figure  3,  Witt-Olid  Model!  of  in  Radiation  Source  with  a 


wire  attachment  point  are  not  always  accurate. 
Modifications  to  the  NEC  code  were  attempted  in 
an  effort  to  use  this  algorithm  for  modeling  uninten¬ 
tional  sources  |$|.  These  modifications  improved 
the  detail  and  accuracy  of  the  wire  attachment  cal¬ 
culations  at  the  expense  of  additional  computer  lime 
and  memory.  The  result  was  s  relatively  inefficient 
code  that  accurately  calculated  the  input  impedance 
of  sources  near  a  wire  attachment,  but  could  still 
not  model  thin  surfaces.  The  inability  of  NEC  to 
model  thin  suffices  is  due  in  part  to  properties  of 
the  magnetic  field  integral  equation  (MFlii),  which 
it  uses  to  solve  for  the  currents  on  conductive  sun 
faces.  This  limitation  can  be  overcome  by  modeling 
the  surface  with  smaller  patches  so  slant  the  length 
and  width  of  each  patch  ate  comparable  to  the 
thickness  of  the  metal  plate.  This  requires  a  Urge 
number  of  patches  however,  and  the  computing 
resource  required  to  model  the  conductive  surfaces 
fourv1  in  most  unintentional  sources  is  proliibitive. 

Wire  Grid  Modeling 

Another  possible  approach  to  live  analysis  of 
this  type  of  configuration  is  wire-grid  modeling. 
Conductive  surfaces  are  often  modeled  by  a  grid  of 
wires,  which  facilitates  their  analysis  using  one  of 
msmy  moment-method  codes  that  accurately  model 
wire  configurations. 

Two  techniques  for  modeling  electrically 
small,  thin  pUtes  with  a  wire  grid  were  investigated. 
They  arc  illustrated  in  Figure  3.  The  first  technique 
(single-layer  grid)  represents  the  entire  plate  with 
one  grid-  The  second  technique  (double-layer  grid) 
uses  a  separate  grid  to  model  exit  side  of  site  plate. 

Various  wire-pUte  structures  were  built  and 
tested  in  order  to  obtain  measured  data  to  compare 
with  wire-grid  model  results.  In  general,  the  wire- 
grid  .iivdcls  were  capable  of  modeling  tl-.e  plate  very 
well  except  at  frequencies  near  the  system  reso¬ 
nance.  The  results  were  relatively  insensitive  to  the 
diameter  of  the  wires  in  the  gprisJ,  wliich  was  sur¬ 
prising  since  the  wire  diameter  is  a  critical  parameter 
in  the  analysis  of  electrically  large  or  resonant  sur¬ 
faces  (6).  For  these  electrically  small  plates,  it  was 
only  necessary  to  choose  wire  diameters  within  the 
constraints  of  the  algorithm  and  to  insure  that  the 
sum  of  the  wire  diameters  at  an  attaclunent  point 
was  on  the  order  sr  the  diameter  of  the  attaching 
wire. 


lions,  but  «Ji<l  not  generally  perform  well  when  live  configurations.  'Iltcy  ate  not  (Ik  ultimate  solution, 
attached  wire  was  bent  over  the  plate.  however.  Although  iltcy  ilo  a  good  job  of  modeling 

the.  far- field  effects  of  a  metal  plate,  the  fields  calcu- 
Wuc  grid  models  are  a  convenient  and  refs*  Uted  near  a  wire  grid  do  not  approximate  the  fields 
lively  accurate  way  of  modeling  the  conductive  sur*  near  a  smooth  conductive  surface.  This  makes  it 
faecs  in  a  variety  of  unintentional  source 


very  difficult  to  model  the  detail*  of  a  rireust  or 
component  n ear  a  metal  surface  accurately. 

Concluaion* 

liven  simple  model*  of  a n  unintcniknul  radi- 
a; km  source  are  likely  to  contain  electrically  thin 
plate*  with  attached  wire*.  Owning  numerical  OM 
modeling  technique*  generally  cannot  model  there 
configuration*  e&ctivcly.  Wire  model*  can  he  ured 
In  *omc  care*,  and  In  fact,  wire  model*  have  been 
ured  by  the  author*  to  analyze  a  variety  of  uninten¬ 
tional  *ounre  configuration*.  However,  the  field* 
near  a  conductive  iurface  are  not  modeled  aeeu-  |2| 
rately  by  wire*  or  wire  grid*  and  thut  wire  model* 
cannot  be  ured  to  analyze  the  effect  of  subtle 
change*  In  a  circuit’*  design  or  layout. 

A  new  technique  it  needed  before  numerical 
modeling  of  unintentional  jounx*  can  become  a*  |3| 
useful  and  routine  a*  intentional  source  modeling. 

Thi*  new  technique  should  be  able  to  analyze 
circuit  card  configuration*  with  a  relatively  high 
degree  of  detail  and  then  analyze  the  entire  system, 
which  may  contain  several  circuit  cards,  *hkUs  and 
cable*.  One  possible  approach  would  be  to  use  a  |4| 
hybrid  technique.  For  example,  a  finite  element 
method  might  be  used  to  analyze  the  card*  and 
define  boundary  conditions  to  be  used  in  a  moment 
method  analysis  of  the  whole  >y»tcm. 


make  I1M  radiation  modeling  an  integral  part  of  the 
development  process  for  state-of-the-art  electronic 
systems, 
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Abstract; 

Comparative  calculations  on  six  baste  EKC  configurations  were  performed 
with  several  versions  of  the  Numerical  Electromagnetics  Code  (NEC2-IA8G, 
NECZ-PC,  NEC81,  H1NINEC3,  NEC20PC)  to  check  the  accuracy  and  validity  of 
the  different  codes,  especially  with  respect  to  their  built-in  arith¬ 
metics.  In  the  simulations  the  coupling  characteristics  between  trans¬ 
mitting  and  receiving  antennas  and  the  Input  Impedance  of  the  trans¬ 
mitting  antenna  were  examined  primarily.  Generally  it  was  found  that 
there  Is  a  sufficient  agreement  between  all  codes  as  long  as  the  segmen¬ 
tation  condition  1/1000  £  \/\  fc  1/10  is  fulfilled.  Especially  the 
recently  developed  NEC81  code  shows  the  same  degree  of  accuracy  as  the 
double  precision  version  NEC2-IA8G  when  analysing  regular  problems.  For 
the  simulation  of  low  frequency  problems  double  precision  arithmetics  is 
absolutely  necessary  to  obtain  reliable  results.  Therefore  IABG  has 
developed  NEC20PC,  a  double  precision  NEC2  version  for  Personal  Compu¬ 
ters  under  MS-DOS.  Applying  NEC20PC  on  basic  EMC  configurations  has 
shewn  that  this  NEC2  version  can  successfully  be  used  to  analyse 
problems  with  small  segment  to  wavelength  ratio. 

1.  Introduction 

In  connection  with  German  activities  to  establish  a  standardized  soft¬ 
ware  tool  for  computerized  EMC  analysis  extensive  comparative  calcu¬ 
lations  were  performed  using  NEC2-IA8G  (a  double  precision  version  of 
NEC2  /l/  Instilled  on  IABG's  vector  processor  mainframe  VP  200)  and  the 
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single  precision  codes  HECZ-PC  and  M1HIHEC3,  both  cart  of  the  HEEDS 
version  1.0  software  package  /Z/  and  installed  under  HS-OOS  3.3  on  a 
TAHOON  PCA.  Furthermore  so«e  calculations  were  performed  with  HEC81,  an 
Improved  version  of  HECZ-PC,  which  will  be  part  of  the  HEEDS  system 
version  2.  The  authors  greatfully  acknowledge  the  advance  release  of 
HEC81  to  IABG  by  ACES  /3/  to  suooort  this  effort. 

In  the  simulations  the  coupling  characteristics  between  transmitting  and 
receiving  antennas  and  the  input  impedance  of  the  transmitting  antenna 
were  examined  primarily.  For  this  purpose  typical  basie  configurations 
of  rod  and  loop  antennas  were  defined.  The  investigations  were  performed 
for  different  frequencies.  A  point  of  particular  Interest  was  the 
analysis  of  the  different  comouter  codes  nearby  the  resonance  frequency 
and  for  low  frequencies. 

2.  Basic  configurations  for  the  EHC-analysis 

Fig.  1  shows  the  6  defined  basic  antenna  configurations  for  the  EHC- 
analysis.  The  corresponding  geometrical  dimensions  of  the  antenna  system 
structures  are  listed  in  fig.  Za.  The  antennas  are  connected  to  an  ideal 
conducting  plain  surface  and  they  are  assumed  to  be  ideal  conductors.  In 
the  configurations  1-3  the  transmitting  antennas  are  rod  antennas,  in 
the  configurations  4-6  loop  antennas  excited  by  a  voltage  source. 

Configuration  1  (fig.  la)  simulates  the  coupling  characteristics  between 
two  rod  antennas.  The  configurations  Z  and  3  (fig.  lb,  c)  analyse  the 
short  circuit  currents  of  closed  loops  excited  by  the  field  radiation  of 
rod  antennas  with  respect  to  different  loop  area  orientations  (relative 
to  the  location  of  the  rod  antenna).  Configuration  4  (fig.  Id)  repre¬ 
sents  the  coupling  features  of  $  transmitting  loop  antenna  and  a  receiv¬ 
ing  loop  antenna  terminated  with  a  resistance  R  ■  50  ohms.  In  configura¬ 
tion  S  and  6  the  loops  are  of  small  altitude  relative  to  their  length. 
Therefore  these  configurations  especially  deal  with  coupling  aspects 
between  two  shorted  cables.  With  this  type  of  configurations  the  £HC- 
behaviour  of  crossed  lines  (fig.  le)  and  parallel  lines  (fig.  If)  was 
simulated.  Fig.  Zb  shows  the  chosen  segmentation  datas  for  the  antenna 
configurations.  For  all  computer  codes  the  same  segmentation  was  applied 
to  enable  a  suitable  comparison  between  the  simulations. 
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Fig.  1:  Basie  antenna  configurations  for  the  EMC-analysis 
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Fig.  2:  Geometrical  input  data  for  the  computer  analysis 


The  configurations  1-5  were  analysed  only  it  one  frequency.  It  was  found 
thit  especially  In  the  cite  of  looo  configurations  the  simulation  re¬ 
mits  are  sore  sensitive  compared  to  rod  configurations.  Therefore  con¬ 
figuration  6  was  analysed  more  In  detail  at  various  frequencies  nearby  a 
resonance  frequency  as  well  as  for  low  frequencies.  Toe  code  comparisons 
were  performed  for  the  complex  antenna  Iseedance  2j(u>)  of  the  trans¬ 
mitting  antenna  and  the  short  circuit  current  ij  Induced  In  the  re¬ 
ceiving  antenna  resp.  voltage  for  an  ohmic  antenna  termination. 

3.  Computed  results  for  the  conf Iguratlons  1-5 


Fig.  3  shows  the  results  of  the  computer  analysis.  For  the  configura¬ 
tions  1-4  the  source  voltage  of  the  transmitting  antennas  was 
chosen  such,  that  the  radiation  power  amounts  to  Pj«  1U.  Analogous  a 
current  amplitude  l^  ■  IA  was  chosen  for  configuration  5. 

In  configuration  1  the  results  of  NEC2-IA3G,  NEC2-PC  and  HJMNEC-3  agree 
satisfactorily  (fig.  3a).  According  to  the  chosen  frequency  of  f  «  2  nil* 
the  wavelength  A  Is  150  «.  The  segment-wavelength  ratio  Is  approx. 
IA'0.002.  For  the  configurations  2  and  3  the  computer  results  of  the 
antenna  Impedance  calculations  with  HEC2-IABG  and  NEC2-PC  are  Identical 
(fig.  3b, c).  The  Imoedances  calculated  with  HININEC3  agree  with  these 
results  sufficiently,  although  the  real  parts  differ  about  20  percent. 
The  computed  results  for  the  loop  current  lj  between  NEC2-TABG  and 
KIN1NEC3  shew  only  small  differences,  whereas  the  corresponding  NEC2-PC 
based  values  deviate  more  extensively.  The  analysis  was  performed  with  a 
frequency  f  ■  21  MHz  corresponding  to  0.005  £  1/A  &  0.025.  The  results 
for  configuration  4  again  show  satisfactory  agreement. 

In  configuration  5  the  antenna  Impedances  are  In  a  good  agreement 
between  HININEC3  and  NEC2-IABG,  whereas  a  significant  higher  difference 
was  found  for  NEC2-PC.  The  computed  results  for  the  current  amplitude 
<2  differ  about  20  percent  and  more  between  the  different  computer 
codes.  The  antennas  were  excited  with  a  frequency  f-10  Hllz,  which 
corresponds  to  O.OOT4I/A  0.012. 

For  all  analysed  configurations  the  NEC81  version  of  NEC2  shows 
excellent  agreement  with  the  double  precision  version  NEC2-IABG, 
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Fig.  3:  Computed  results  for  configuration  1-5 


4.  Computed  results  of  configuration  6 


For  configuration  6  simulations  were  performed  In  the  frequency  Interval 
between  fj  ■  15  MHz  and  fg  *  16  HMz  to  examine  the  behaviour  of  the 
computer  codes  nearby  a  resonance  frequency.  Fig.  4  shows  the  frequency 
dependence  of  the  Impedance  Z1  of  the  transmitting  antenna.  In  the 
calculations  with  NEC2-1ABG  and  HININEC3  the  real  parts  Rj  agree  very 
well  and  the  deviation  Is  about  1  percent.  The  frequency  dependence  of 
the  Izaglnary  part  Xj  Is  approximately  linear  In  this  frequency  range 
(fig.  4b).  For  this  configuration  resonance  frequencies  of  f  14.8  MHz 
(NEC2-IABG/HEC81)  and  ff*  15.0  MHz  (HININEC3)  can  be  figured  out,  the 
results  shift  about  0.2  MHz. 

The  results  obtained  by  NEC2-PC  show  Insufficient  accuracy.  For 
example,  at  f  ■  14.4  MHz  the  Imaginary  part  Xj  Is  123  ohms,  at 
f  *5  14,6  Wlz  Xj  Is  628  ohras  and  at  f  *  14,8  MHz  Xj  Is  -360  ohms.  For 
this  reason  the  results  of  NEC2-PC  are  not  Included  In  the  diagrams.  The 
NEC81  based  results  are  In  excellent  agreement  with  NEC2-IABG  again.  The 
computed  antenna  Input  Impedances  are  nearly  Identical  as  Indicated  In 
fig.  4.. 
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Fig.  4:  Frequency  dependence  of  the  antenna  input  impedance 

nearby  a  resonance  frequency  (config.  6)  1  1  ‘ 


Fig.  5  shows  ihe  computed  results  of  the  current  amplitude  i2  with 
ij  assumed  to  be  1  A.  The  calculations  with  NEC2-IA8G  and  NEC81  agree 
excellently,  while  there  is  only  a  moderate  agreement  between  the  IIEC2- 
PC  and. HININEC3  generated  results. 
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Fig.  5:  Computed  results  of  the  current  amplitude  U 
(Conflg.  6) 


furthermore  some  Investigations  with  varying  frequencies  were  performed 
to  test  configuration  6  for  large  wavelength,  starting  with  f  »  10  IU|z 
and  decreasing  in  decades  down  to  f  »  0.01  Wlz.  fig.  6  shows  the  results 
of  the  calculations. 

While  at  f  ■  10  MHz  the  computed  results  agree  satisfactorily,  the  HEC2- 
PC  calculated  values  show  greater  deviations  at  f  ■  1  wlz  compared  to 
the  other  codes.  For  frequencies  f  0.1  HHt  greater  differences  between 
KEC2-IABG  and  the  other  codes  occur  as  well  In  respect  to  antenna  Input 
Impedance  as  to  current  amplitude. 

To  examine  and  to  validate  the  accuracy  of  NEC2-IABC  the  computed 
results  were  compared  with  an  analytical  approximation  for  low  frequen¬ 
cies.  At  f  «  0.01  Wit  this  approximation  provides  as  antenna  input 
imoedance  -  J  0.47  ohms  and  as  current  1g  ■  94  mA.  The  NEC2-IABG 

calculations  are  In  a  good  agreement  with  regard  to  the  assessed  antenna 
Impedance  as  well  as  to  the  current  solitude. 
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Fig.  6:  Frequency  dependent  results  of  configuration  6 


5.  Conclusion 

Generally  the  perforated  investigations  have  demonstrated  that  there  is  a 
sufficient  agreement  between  the  results  of  the  computer  codes  NEC2-IABG, 
NEC2-PC  and  HININEC3  as  long  as  the  segmentation  condition  0.001 s  l/^  *0.1 
is  fulfilled.  But  especially  at  resonance  frequencies  the  results  of 
NEC2-PC  way  be  net  satisfying.  For  lower  frequencies  HIN1NEC3  seems  to 
provide  better  results  thin  NEC2-PC. 

The  inclusion  of  NEC81  instead  of  NEC2-PC  into  the  NEEDS  version  2  re¬ 
lease  will  significantly  improve  the  EHC-analysis  capability  and  accu¬ 
racy  of  the  NEEOS-software  tool.  For  the  analysis  of  regular  problems 
HECBl  provides  almost  the  same  accuracy  as  a  double  precision  NEC2  ver¬ 
sion.  The  main  advantage  of  a  double  precision  version  like  NEC2-IABG  is 
the  capability  to  analyse  low  frequency  problems  with  sufficient  relia¬ 
bility.  To  achieve  this  capability  also  on  PC  systems,  IABG  has  devel¬ 
oped  a  double  precision  version  NEC2DPC,  which  was  derived  from  the 
NEC2-PC  version  as  distributed  within  the  NEEDS  system  version  1. 

From  fig.  7,  which  shows  the  imaginary  part  of  the  antenna  input  impe¬ 
dances  for  low  frequencies  on  the  example  of  configuration  6,  it  can  be 
concluded  that  NEC2DPC  can  successfully  be  used  to  analyse  problems  with 
small  segment  to  wavelength  ratios  on  personal  computers  under  MS-DOS. 
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AH  IMPLICIT  THREE  DIMEKSIOHAL  ELECTROMAGHETtC  FIELD  CODE 
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Albuquerque,  HH  87109 

Ronald  Chaie 

Harry  Dtaaond  Laboratories 
End  of  Dawson  Beach  Road 
Veodbrldge,  VA  22191 


A  fully  Inpllclc,  chree-dlaenslonal,  finite  difference  Eleccronagneelc 
Field  code  has  been  developed  to  solve  Maxwell's  equations  In  nonlinear 
nedla,  The  code  Is  designed  co  couple  fields  frora  nuclear  weapons  (EMP)  to 
alllcary  system  In  the  source  region  of  the  weapon.  Ac  early  retarded  cine 
of  the  burse  point,  the  ties  seep  In  such  a  problen  Is  decernlned  by  the 
rise  cine  of  che  7-ray  pulse  etsalcced  froa  the  weapon.  Ac  later  retarded 
clces,  the  7*ray  pulse  Is  slowly  varying  and  thf  cine  step  In  an  explicit 
finite  difference  code  Is  deeeralned  by  the  Couranc  condition.  The  Inpllclc 
code  discussed  In  this  paper  Is  unconditionally  scable  and  excells  on  lace 
dee  or  low  frequency  probless  In  which  che  physics  allows  largo  dme  steps. 
The  code  Is  sec  up  co  allow  the  dee  step  to  Increase  as  cine  Increases.  A 
cyplcal  3-0  coupling  problcn  can  be  run  co  .1  see  of  problen  cine  In  abouc  3 
hours  of  Cray  2  dne. 

The  nacrlx  resulting  frota  che  Inpllclc  code  Is  solved  usLng  an 
Inconplece  Cholesky  Conjugate  Cradlenc  Icceraclve  nacrlx  solver.  This 
schene  Is  far  superior  for  this  problen  co  che  nany  others  chat  were 
Invesclgaced, 


163 


Winr  USE  HS1.T3D? 


Consider  a  coupling  problem  with  alllsecond  else  Claes.  For 
exaaple,  coupling  oC  rail  currents  Co  Rail  Garrison  cars. 

Assuae  UiaC  l.  a1  cells  are  used  In  the  problea. 

The  CouranC  condition  Halts  Che  clae  step  In  explicit  codes  such 
as  ISM  and  THKEDE  to  3.33  X  10’9  sec. 

To  calculate  to  the  peak  of  Che  pulse  aC  lO""*  sec  would  Chen 
require  3  X  105  Clae  steps. 

NSLT3D  has  no  Couraut  condition  and  would  require  less  than  100 
cine  steps  to  resolve  the  pulse. 
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The  first  two  equations  are  initial  conditions. 

The  last  two  equations  describe  the  time  development 

of  the  fields. 
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ADAPTIVE  AIMA1THM  FOR  THE  AMAIYSIS  OF  A  HICAOSTAIP  D1SCOH7IHUITY 

INDUCTANCE 

A.  Hill  and  V.K.  Trlpathi 
Department  of  Electrical  and  Computer  Engineering 
Oregon  State  University 
Corvallis,  OR  97331 


Abstract 

An  algorithm  Is  presented  for  the  rvaluation  of  a  microstrip  right  angle 
bend  discontinuity  Inductance.  The  moment  method  In  conjunction  with  an 
adaptive  set  of  basis  functions  is  employed  to  solve  for  the  excess 
current  distribution  In  the  corner  region.  These  basis  functions  are 
defined  over  an  error  dependent  triangular  region  which  leads  to  an 
optimum  clement  size  and  reduces  the  system's  matrix  dimension. 


Introduction 

In  the  past,  several  authors  have  characterized  a  microstrip  right  angle 
bend  discontinuity  In  terms  of  equivalent  excess  inductance  and 
capacitance  which  are  associated  with  the  corner  region. (1-SJ. 

Inductance  calculation  requires  the  determination  of  the  current 
distribution  in  the  discontinuity  region.  Instead  of  calculating  the 
total  current  it  Is  numerically  more  efficient  t.c  set  up  the  governing 
magnetic  field  intergral  eouation  in  terns  of  excess  currents.  These 
currents  represent  the  perturbation  of  the  current  distribution  from  the 
distribution  that  exists  on  the  respective  uniform  microstrip  line.  The 
current  perturbation  Is  strong  In  the  discontinuity  region  and  decays 
away  from  It.  In  previous  formulations  the  unknown  current  has  been 
expanded  in  terms  of  basis  elements  over  a  rectangular  region.  In  this 
paper  we  employ  triangular  basis  functions  that  adapt  to  the 
characteristics  of  the  solution.  Their  size  is  determined  from  a  local 
error  criterion.  In  [8]  use  is  made  of  complementary  variational 
principles  to  asses  the  error  in  a  finite  element  method  for  the  purpose 
of  grid  optimization.  In  the  present  method  evaluation  of  fields  Is 
performed  only  on  the  boundary  which  favors  the  derivation  of  the  error 
criterion  from  the  boundary  condition.  An  optimum  shape  of  the  triangles 
is  maintained  through  additional  post  processing  [7]. 


Moment  Method  Formulation 

The  excess  current  distribution  is  found  by  computing  the  vector 
potential  on  the  strip  surface  due  to  all  currents  and  utilizing  the 
boundary  conditions  that  the  normal  magnetic  field  be  zero  on  the  strip. 
The  procedure  is  similar  to  the  evaluation  of  the  via  excess  Inductance 
In  [10].  The  integral  equation  for  the  excess  current  J,  can  be 
formulated  as 

m*y*A(Oe)  -  -  (1) 
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where  A  represents  the  magnetic  field  integral  operator  and  m  Is  the 
unltvector  normal  to  the  strlpsurface.  On  the  microxtrip  lines  J  Is 
defined  such  that  It  corresponds  to  the  current  distribution  on  the 
respective  uniform  line.  In  the  corner  region  the  current  0  assures 
continuous  current  flow  through  the  discontinuity.  The  source  currents 
In  (1)  can  be  decomposed  and  after  applying  stokes  theorem  for  the 
Integration  over  the  strip  region  a  numerically  more  efficient 
formulation  can  be  found  such  that  on  the  stripllnes  no  evaluation  of 
the  self  elements  Is  necessary: 

m.^XAtOe)  «  -  m*WA(0*)  (2) 

0*  Is  decomposed  as 

J*-  J,  +  Ob  +  Oc  (3) 

Ob  corresponds  to  the  source  current  J  In  region  b  (flg.l).  0.  and  0. 
represent  the  current  distribution  on  the  uniform  strlpllne.  The 
extension  of  the  decomposed  currents  J,  and  <lc  depends  on  the  region 
where  (2)  Is  evaluated.  If  (2)  (x  computed  on  region  a  then  0,  extends 
from  z«z,  to  z»  and  Jc  extends  from  x«xa  to  x«  .  If  (2)  Is 
evaluated  on  region  b  J,  Is  defined  from  z*  -  to  z«z4  and  J.  Is 
defined  from  x»x,  to  x-  .  If  (2)  Is  evaluated  on  region  c  then  J,  Is 
defined  from  z—  to  z»Zj  and  <JC  Is  defined  from  x—  to  x-x. 

Once  the  excess  current  is  determined  the  excess  Inductance  can  be  found 
from 


Le  *  |2  j  J  dS 


(4) 


Adaptive  Algorithm 

The  basis  functions  In  the  moment  method  formulation  of  (11  are  surface 
currents  defined  over  a  triangular  region  [10].  One  such  element 
corresponds  to  a  current  which  circulates  around  an  Interior  node.  Each 
basis  element  Is  associated  with  an  Interior  node  of  the  triangulated 
mlcrostrlp  region.  An  optimum  triangular  grid  Is  established  In  an 
Iterative  manner.  Matrix  solutions  are  computed  by  means  of  a  conjugate 
gradient  algorithm  [11]  which  uses  the  moment  solution  for  excess 
current  of  the  previous  step  as  Initial  guess  for  the  new  current 
distribution.  Starting  with  an  Initial  set  of  surface  current  elements 
as  Is  shown  In  figure  2,  the  excess  currents  are  evaluated  by  enforcing 
the  normal  magnetic  field  at  the  Interior  nodes  of  the  defined 
triangular  grid  to  be  zero.  In  a  next  step  the  local  element  error  Is 
found  by  computing  the  residual  flux  through  each  triangular  element. 
Those  elements  with  a  flux  density  greater  than  some  threshold  are 
refined  by  introducing  an  additional  node  at  their  center  point  which 
forces  the  local  error  to  zero.  An  optimum  triangular  grid  is  maintained 
in  the  sense  of  maximizing  the  minimum  Interior  angle  of  each  triangle 
[7]  with  the  constraint  of  maintaining  the  border  regions  of  areas  a,  b 
and  c.  This  can  be  accomplished  by  applying  the  circle  criterion  to 
neighboring  triangles  as  is  Illustrated  In  figure  3.  Consider  two 
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triangle!  A  and  8.  Let  a  circle  pass  through  three  of  the  vertices  of 
the  quadrilateral  which  is  formed  by  the  triangles  A  and  B.  If  the 
fourth  vertex  of  the  quadrilateral  is  interior  to  the  circle,  swap  the 
common  triangle  side.  If  the  fourth  vertex  is  exterior  to  the  circle  do 
not  swap  the  common  triangle  side.  If  the  fourth  vertex  is  on  the  circle 
either  triangulation  can  be  used. 

Suppose  node  C  is  introduced  for  refinement  purpose  then  the  optimizing 
scheme  can  be  suanarized  as  follows: 

1.  delete  the  triangle  that  contains  node  C  and  create  three  new 
triangles. 

2.  consider  sucessively  each  new  created  triangle  and  all  its  neighbors 
and  apply  the  circle  test  to  their  common  side  if  It  is  not  a  boundary 
of  region  a  b  or  c. 

3.  repeat  step  two  to  all  new  created  triangles  and  their  neighbors 
until  no  diagonal  swap  is  performed. 

Triangles  for  which  one  side  falls  on  a  border  region  require  special 
treatment.  If  the  side  on  the  border  region  is  the  maximum  Tenth  of  the 
particular  triangle  then  step  one  is  modified  as  follows: 
delete  the  triangle  that  contains  node  C  and  create  two  new  triangles  by 
uniformly  deviding  the  side  which  falls  on  the  border  line. 

Figure  4  shows  the  final  grid  for  the  exces  current  of  a  rectangular 
aicrcstrip  discontinuity.  Note  that  the  deviation  of  the  assumed  current 
from  the  actual  current  distribution  is  largest  in  the  corner  region. 
Results  for  the  excess  inductance  are  shown  in  figure  5,  normalized  with 
respect  to  the  inductance  of  a  uniform  stripline  and  substrate  height. 
For  comparison  results  obtained  from  [12,13]  are  included. 


Summary 

An  adaptive  algorithm  in  conjunction  with  an  excess  formulation  for  the 
evaluation  of  a  microstrip  right  angle  bend  discontinuity  has  been 
presented.  The  algorithm  establishes  an  error  dependent  grid  size  and 
therefore  reduces  the  matrix  size  of  the  problem.  Due  to  the  triangular 
surface  currents  In  the  moment  method  formulation  the  algorithm  is 
suitable  for  application  to  arbitrary  discontinuity  regions  such  as 
chamfered  microstrip  bends  with  variable  bend  angle. 
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Figure  4:  Final  grid  for  evaluation  of  excess  currents. 


Figure  S:  Normalized  excess  inductance  versus  width  to 
height  ratio. 
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ABSTRACT 

The  increasing  power  and  speed  of  today's  most  advanced  IBM  pc  compatible 
workstations  are  allowing  engineers  in  many  of  the  physical  sciences  to  solve  ptoblems  at 
their  desks  that  required  a  large  mainframe  only  five  years  ago.  in  computational 
electromagnetics,  the  use  of  partial  differential  equation  solution  methods  in  conjunction 
with  absorbing  boundary  conditions  (ABC)  has  opened  the  door  to  a  new  class  of 
scattering  problems  not  previously  considered  to  be  solvable  using  traditional  integral 
equation  techniques. 

A  finite  element  code  for  solving  two-dimensional  TM  and  TB  scattering  problems  has 
been  written  to  run  on  a  380  based  pc  computer.  The  scattercr  must  be  described  in  a 
piecewise  homogeneous  manner  with  each  homogeneous  section  being  either  a  conductor 
or  a  dielectric  of  constant  permeability  and  pennitivity.  Mesh  generation  can  either  be 
done  using  simple  mesh  generation  codes  for  simple  sestterers,  or  using  PDA's  Patron  on 
a  separate  graphics  workstation.  A  frontal  solution  technique  is  used  which  takes 
advantage  of  the  large  disk  size  available  on  most  advanced  workstations. 

A  short  development  of  the  code  will  be  presented  followed  by  some  results  for  some 
representative  scattering  problems.  Run  times  for  various  size  scatterers  will  also  be 
given  as  well  as  some  of  the  limitations  of  the  code. 

Introduction 

Traditionally,  the  user  of  an  electromagnetics  scattering  code  such  as  NEC  was 
confined  to  using  some  largo  mainframe  computer  to  solve  a  given  scattering  problem. 
Constraints  on  the  amount  of  memory  and  epu  time  available  for  a  given  user  limited  the 
size  of  the  problem  that  could  be  numerically  solved,  Willi  the  advent  of  the  vector 
supercomputer  in  the  early  1980's,  the  size  of  the  scattering  problems  that  could  be 
considered  was  increased  by  several  orders  of  magnitude.  However,  a  vector 
supercomputer  was  and  still  is  a  resource  available  only  to  a  small  portion  of  the  scientific 
community. 
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The  advent  of  the  IBM  pc  computer  has  brought  significant  computing  power  it 
law  cos',  to  the  scientific  user.  The  newest  generation  of  IBM  tie  compatible  computers 
which  use  the  Intel  803SG  processor  allows  the  user  to  solve  medium  to  large  problems  on 
the  user's  desktop. 

In  this  paper,  we  discuss  the  feasibility  of  using  the  finite  element  method  to  solve 
two-dimensional  (2-D)  open-region  scattering  problems  on  a  380  IBM  pc  compatible 
computer.  A  short  discussion  of  the  finite  element  method  as  applied  to  the  wave 
equation  is  discussed.  The  radiating  boundary  is  given  and  integrated  into  the  finite 
element  equations.  Finally,  some  results  and  timings  for  some  simple  scattering  problems 
are  given. 

Formulation  of  the  Problem 

The  differential  equations  to  be  solved  for  the  TM  and  TB  scattering  problems  are 
given  as 


and 


VB‘ot  +  k^r  b'01  i 

5  V  I  * 


?.i  Vllf  +  kjir!lj0t  «  0 

v’liere  E*01  and  H*ot  represent  the  unknown  x-dircctcd  electric  and  magnetic  fields 

X  X 

respectively  (Figure  1).  Applying  the  weighted  residual  method  over  the  domain,  l\  we 
arrive  at  the  following  equations: 

J  —  7T  ■  VEj01  - k*<rTE‘oldxdy  =  f  dl 

r  r  or 

«j|lOt 

f  \  VT  •  9Il‘°l  -  kJirTIiJotdxdy  =  f  T  ^  dl 

r  r  w 

In  the  finite  clement  method,  the  domain  is  broken  up  into  several  subdomains,  re 

so  that 


Over  each  domain,  the  approximation  that 

E‘ot(x,y)=  S  c  B  (x,y) 
n=l 
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Figure  1.  Cross  section  of  the  cylindrical  geometry  under  consideration, 
for  the  TM  polarixat’on  and 

«i0W)- hnBn(x'y) 

where  B  represents  a  Lagrange  polynomial  basis  function  so  that  c  and  h  represent  the 
unknown  field  at  a  discrete  set  of  points  over  the  clement.  To  arrive  ai  an  algebraic  set  of 
equations  for  each  element,  the  Galerkin  technique  is  used.  The  resulting  matrix 
equation  has  the  form 

Aex=:be- 

The  global  set  of  equations  is  assembled  by  requiring  the  fields  to  be  continuous  at  the 
nodes  that  arc  common  between  the  elements.  Thus  over  r 

A  =  £  A„ 
c 
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where  the  summation  is  over  all  the  elements.  The  global  set  of  equations  is  then  given 
by 


Ax  =  b. 


The  coefficient  matrix  A  is  sparse.  Therefore,  the  system  of  equations  can  be  solved  using 
a  sparse  matrix  equation  solver  such  as  sparsepak. 

Absorbing  Boundary  Condition 

Theoretically,  an  infinite  amount  of  time  and  memory  would  be  needed  to  solve  an 
open-region  scattering  problem  with  the  finite  dement  method.  Therefore,  it  becomes 
necessary  to  truncate  the  region  of  interest.  The  Bayliss— Turkill  abso>bing  boundary 
condition  (ABC)  approximates  an  infinite  region  over  the  artificial  boundary  surrounding 
the  scattcrcr.  The  boundary  condition  is  given  by 


w 


q(p)kJ  +  (Kp) 


where  a  and  p  arc  functions  of  p  and  k  and  the  artificial  boundary  is  been  taken  to  be 
circular(l).  A  similar  boundary  condition  for  II  is  also  used  in  the  TB  ease.  The 
boundary  condition  is  incorporated  into  the  right-hand  side  of  the  finite  element 
equations.  Since  the  ABC  is  an  approximation,  the  distance  at  which  the  boundary 
condition  should  should  be  applied  for  a  given  scattcrcr  cannot  be  readily  deduced. 

Equation  Solution 


Mosi  users  of  a  pc  arc  currently  using  the  MS-DOS  operating  system.  Therefore, 
the  user  is  severely  restricted  by  the  amount  of  memory  provided  by  DOS.  The  tronlai 
equation  solver  was  used  for  the  developed  codcsl2|.  The  frontal  method  is  essentially  an 
element  by  element  approach  to  performing  Gaussian  elimination.  The  system  of 
equations  is  simultaneously  assembled  and  solved  so  that  only  a  fraction  of  the  amount  of 
memory  used  for  direct  in-core  solutions  is  needed.  If  multiple  right-hand  sides  are 
given  as  forcing  functions,  a  secondary  storage  device  can  be  used  to  store  some  of  the 
intermediate  results  needed  for  eacli  of  the  solutions. 


Results 


A  code  was  written  using  the  above  formulations  and  techniques.  A  Compaq  360 
pc  was  used  for  all  of  the  solutions.  The  simple  circular  meshes  were  done  on  the  pc  while 
the  more  complicated  meshes  were  done  with  PATRAN  on  a  microVAX.  A  variety  of 
different  scattered  were  analyzed  with  the  code  to  get  a  feeling  for  the  accuracy  of  the 
FEM  using  the  ABC.  Provided  that  the  Bayliss— Turkel  condition  is  applied  at  a 
sufficient  distance  from  the  scattcrcr,  the  accuracy  appears  comparable  to  that  of  integral 
equation  formulations  for  a  given  mesh  density.  Figures  2  and  3  show  the  E  produced  by 
a  perfect  conducting  cylinder  of  radius  SA  on  a  circle  of  radius  5.55A  by  a  TM  incident 
plane  wave.  The  comparison  is  done  with  a  numerical  eigenfunction  solution.  The 
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Figure  2.  The  total  E-Held  produced  at  pa 5.55A  surrounding  a  perfectly  conducting 
cylinder  of  radius  5.0A  illuminated  by  a  TM  plane  wave.  The  Bayliss-Turkel  boundary 
condition  is  applied  at  pnG.QA.  The  exact  eigenfunction  solution  is  shown  for  comparison, 


r  Figure  C.  Same  as  Figure  2,  except  with  the  absorbing  boundary  condition  applied  at 

|  p=G.5A. 
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cylinder  model  for  the  cate  where  the  ADC  it  at  p  «  G.5A  contained  5712  nodet  and  10GS0 
firtt-ordcr  elements.  The  results  show  the  dependency  on  the  location  of  the  ADC  on  the 
accuracy  of  the  results. 


fixKuilsiLiluidmlimtss) 


1599 

13 

2480 

2S 

37G0 

01 

4092 

12G 

5712 

133 

5928 

145 

Table  1.  Execution  timet  at  a  function  of  the  number  of  nodet.  These  were 
obtained  on  the  Compaq  3§G  persona!  computer  running  the 
Microsoft  Fortran  4.01  compiler  under  MS-DOS. 

Table  1  gives  run-times  for  some  various  problems.  Although  the  user  will  not  get 
immediate  answers  for  larger  problems,  a  dedicated  3S6  bated  pc  can  be  expected  to  solve 
even  large  2-D  problems  In  reasonable  time. 

Conclusions 

A  powerful  38G  bated  pc  can  be  used  to  solve  large  2-D  scattering  problems  using 
PEM  in  conjunction  with  the  Dayliss-Turki!)  ADC.  The  user  may  have  to  take  an 
iterative  approach  to  using  the  code  since  the  solution  accuracy  is  dependant  on  the 
location  of  the  outer  boundary  for  a  given  seatterer.  As  desktop  pcs  become  more 
powerful,  the  need  for  having  a  supercomputer  on  hand  will  shrink.  However,  for  the 
largest  2-D  problems  and  3-D  problems,  MS-DOS  will  be  the  limiting  factor. 
Manufacturers  such  as  SUN  and  DEC  are  now  producing  workstations  that  rival  HIM 
compatible  pcs  In  cost  and  power  without  the  storage  constraints  associated  with  pcs. 
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ABSTRACT 

Tho  end-effect  In  shielded  short  circuited  coplanar  lines  Is  Investigated  and  I*  characterized  In  (arm*  d 
an  equivalent  normalized  reactance.  The  structure  consists  o I  a  shielded  coplsnar  line  In  which  tho  cen¬ 
tral  conductor  and  the  coplaner  ground  planet  are  short  circuited  by  a  metal  septum.  The  electromagne¬ 
tic  analysis  Is  performed  using  the  transverse  rasonant  technique  applied  to  a  resonant  cavity  obtained 
by  Inserting  the  discontinuity  In  a  resonator,  Tlte  results  show  In  particular  both  the  Importance  ol  the  mo¬ 
deling  ol  this  Mod  ol  discontinuity  and  Its  effectiveness  In  the  design  ol  the  filtering  structures. 


INTRODUCTION 


The  applications  ol  coplanar  lines  are  becoming  larger  In  both  hybrid  and  monolithic  Integrated  circuits 
,  principally  because  ol  their  Interesting  features  In  terms  o I  low  mechanical  complexity  and  reduced  ra¬ 
diation  losses.  On  the  other  hand,  a  very  accurate  characterization  of  various  kinds  of  discontinuities  Im¬ 
proves  the  effectiveness  ol  the  use  ol  coplanar  structures,  that  are  utJlzed  In  the  realization  of  many 
subsystems. 

The  purpose  ol  this  paper  Is  to  perform  an  accurate  analysts  of  one  ol  these  discontinuities,  giving  an 
effective  characterization  ol  the  end-effect  In  a  shielded  short  circuited  coplanar  line.  In  terms  of  an  equi¬ 
valent  normalized  reactance. 
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The  coplanar  discontinuity  Is  Insetted  In  ■  resonator  that  I*  analyzed  by  using  ih«  transverse  retionan- 
c«  moilmd.  With  ihl*  technique  to  possible  to  evaluate  iho  oflect  of  tho  normalized  reactance  associated 
with  the  discontinuity,  reducing  tho  computation*!  effort. 


Fig.  la  Fig.lb 


ANALYSIS  METHOD 

In  fig.1*  *  shielded  coplanar  lino  In  which  tho  central  conductor  and  tho  c opt* nor  ground  piano*  art 
thou  circuit  ad  by  a  motal  joptum  I*  shown.  Tho  transversal  toctlon  ot  a  uniform  shielded  coptanar  lino  Is 
sketched  In  lig.tb. 

A  resonant  cavity  (fig.2)  b  obulnod  by  placing  two  auxilary  aioctrlc  walls  at  some  dlstanco  from  tho 
discontinuity.  Tho  prosonc*  ot  a  symmetry  piano  alow*  tho  posslbllty  to  analyze  only  hall  structure  by  re¬ 
placing  this  plane  with  a  magnetic  wan  (fig.3 ).  If  Iho  dlstanco  s  Is  largo  enough,  tho  auxilary  wall  on  tho 
left  do  not  perturb  the  Held  near  tho  edge  ot  tho  septum. 


FigJ  Pie-4 


Ttx  equtolcnt  cL-cuK  of  tha  jlructura  b  ihowrt  to  fig.4 ,  whara  tha  rxxm*ta*d  taacunca  X  taka*  Into 
account  th«  affact  of  th«  dbconrtnuky.  I(d+*  b  tha  tout  langth  ot  tha  taionator  at  a  glvtn  fraquancy,  th« 
vatu*  of  X  can  ba  obtaload  Uom  tha  lo*owSng  aquation: 


X«-tg  p«/XO)  (I) 


wtwoXfl  U  the  wavelenfl'.h  ol  the  tundsmeolel  mod*. 

So  the  problem  I*  to  compute  the  r  osooant  length  d  »t «  given  frequency  end  with  »  ttxed  i,  To  lotve 
t Wo  proWem  •  transverse  resonance  technique  I*  applied.  Looking  Wo  the  x*  direction  the  resonator  can 
be  viewed  as  two  rectangular  waveguide  eaparatrd  by  « slotted  diaphragm  (the  thickness  metallization 
U  supposed  lobe  zero).  In tech ona  ol this  two wavec&es tba  electromagnetic (laid U  expanded In terms 
olTE*  tox  (LSE)  and  TMto-x  (ISM)  mod**.  In  tha  slot,  tha  electromagnetic  taW  It  expanded  In  sat  las  of 
tha  modal  functions  ol  a  rectangular  waveguide  v.-Sh  tha  sama  transversal  taction  ol  tha  slot  apartuta.  By 
Imposing  tha  boundary  conditions  In  tha  plana  ol  tha  slot  a  homogeneous  system  ol  aquations  can  ba 
obulnad. 

Tha  condition  lor  non  trivial  solutions  determines  tha  characteristic  equation  ol  tlta  given  structuru.  This 
equation  can  ba  considered  as  a  (unction  ol  tha  Iraquency  and  ol  tha  quantity  d  equated  to  zero.  There* 
lore,  lor  any  ghrtn  frequency  value  tha  solution  ol  this  aquation  gives  tha  corresponding  length  d, 

Tha  sama  approach  can  ba  also  applied  to  compute  tha  wavelength  xs,  diet  Is  raqulred  In  (t)  to  obtain 
tha  equlvslent  normalized  reactance  X.  In  lact.  In  tha  penlctfar  case  cl  i«*0,  tha  resonator  length  d  Is 
equal  to  hall  wavelength. 


Fig.6 
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RESULTS 


The  end-effect  equivalent  normalized  reactance  X  is  repotted  In  fig.5  et  function  o(  the  frequency.  The 
dielectric  thickness  is  254  (n  *  6)  end  the  »lo<  width  Is  700  pm. 

As  It  Is  possible  to  see,  the  reactance  Is  positive  (If.  of  Inductive  type)  and  Increases  with  the  frequen¬ 
cy.  In  this  figure  Is  also  possible  to  see  the  behavior  of  the  end  effect  reactance  for  difference  values  of 
the  width  of  the  central  conductor.  Anotlter  possible  structure  with  dielectric  constant  («»  4.2)  and  the 
slot  width  equal  to  t  mm,  has  been  analyzed  and  the  values  of  the  normalized  reactance  are  plotted  In 
lig.6. 


CONCLUSIONS 

A  transverse  resonant  approach  ts  used  to  characterize  a  short  circuit  end-effect  for  shielded  coptenar 
lines.  An  equivalent  normalized  rwctance  Is  computed.  Simulation  results  are  discussed  for  different  va¬ 
lues  of  the  physical  psrametersof  the  structure  and  reported  In  meaningful  diagrams. 
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Have  Propagation  on  Infinite.  Two-Dimensional  Structures 


Ross  A.  Speclale 
General  Dynamics,  Ontario,  CA 


ABSTRACT 


A  general  theory  has  been  developed  to  analyze  wave-propagation  processes 
on  Infinite,  two-dimensional  struc"j'res.  The  considered  structures  are 
represented  as  Infinite,  doubly-perlodic  or  quasl-doubly-perlodlc  clusters  of 
elementary,  unit-cell,  microwave  multiport  networks.  The  theory  has  been  used 
to  analyze  models  of  element-to-element,  electromagnetic  proximity  coupling  In 
planar-  and  non-planar-phased-arrays  and  array  feed-networks. 

APERTURE-SURFACE  WAVES 


The  process  of  excitation  of  aperture-surface  waves,  that  propagate 
through  element-to-element,  electromagnetic  proximity-coupling,  across  the 
radiating  aperture  of  a  two-dimensional,  planar  phased-array.  Is  qualitatively 
Illustrated  In  Figure  1,  where  the  array  is  shown  In  a  recelve-mode  and 
Illuminated  by  an  off-borestght  planar  wave.  Constructive  and  destructive 
Interference  between  the  creeping  surface-wave  and  the  Incoming  planar  space- 
wave  Is  known  to  cause  'Blind  Spots'  In  the  array  receiving  pattern.  A 
similar  process  takes  place,  In  reverse  sequence,  when  the  array  Is  In 
transmlt-mode. 

A  qualitative  Illustration  of  surface-wave  excitation  across  the  aperture 
of  a  conformal,  cylindrical  array  is  shown  in  Figure  2,  again  with  the  array 
in  a  receive-mode. 

The  qualitative  Illustration  of  the  process  of  aperture-surface-wave 
excitation,  shown  In  Figures  1  and  2,  also  qualitatively  shows  the  process  of 
sub-surface-wave  excitation,  that  takes  place  when  the  element-to-element, 
electromagnetic  coupling  Is  not  just  an  uncontrolled,  geometry-dependent 
proximity-coupling,  but  Is  Intentionally  Introduced  and  controlled,  behind  the 
array  aperture-surface. 


Figure  1.  Spice-Excitation  of  Aperture-Surface  Waves  by  Off-Boresight  Planar 
Waves,  Incident  on  a  Planar  Phased-Array. 


Figure  2.  Space-Excitation  of  Apertyre-Sun'ace  Waves  by  Off-Boresight  Planar 
Waves,  Incident  on  a  Cylindrical,  Conformal  Arr*y. 
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APPLICATION  EXAMPLES 

Figures  3A  and  38  shows  a  fundamental  one-dlmens|onal  cluster  of  cascaded 
four-port  networks  referred  to  as  'the  fishbone  network'.  Such  a  one- 
dimensional  chain  may  Include  any  number  n  of  unit-cells,  although  only  four 
are  shown  as  an  example.  The  fundamental  Interest  of  this  cluster  Is 
represented  by  the  free  ports,  aligned  along  the  top  and  bottom  Interfaces  and 
available  for  further  Interconnection  to  additional  'fishbone  networks', 
extending  parallel  to  the  first. 

Figure  4  shows  a  finite  patch  of  a  prototype,  Infinite,  two-dimensional 
microwave  network,  composed  of  multiple,  parallel  fishbone  networks,  mutually 
Interconnected  along  the  common  horizontal  Interfaces. 

Practically  relevant  examples  of  Infinite,  strictly  doubly-perlodlc,  two- 
dimensional  microwave  structures  are  given  In  Figures  5  through  9,  that 
represent  Infinite,  two-dimensional  clusters  of  mutually  coupled,  TEH  ring- 
resonators.  Such  structures  have  been  analyzed  In  substantial  detail,  and 
used  to  model  element-to-element,  electromagnetic  proximity-coupling  In 
planar-  and  non-planar-phaseo-arrays,  as  well  as  In  array-feed-networks. 

Figure  S  shews  a  particular  case  of  a  rectangular-lattice  two-dimensional 
structure  as  In  Figure  4,  where  the  unit  cells  are  mutually  Identical  pairs  of 
coupled  transmission  lines.  The  multiple  paths,  created  by  the  Interconnec¬ 
tion  of  many  fishbone  networks,  generate  here  an  Infinite  two-dimensional 
cluster  of  mutually-coupled  TEM  ring-resonators. 

The  same  two-dimensional  structure  of  Figure  5  Is  shown  redrawn  In  Figure 
6,  with  the  dashed  Interfaces  tilted  at  4S  degrees  and  the  coupled-line  pairs 
running  horizontally  and  vertically. 

The  same  Infinite,  two-dimensional  cluster  of  mutually-coupled  ring- 
resonators  of  Figures  5  and  6  Is  redrawn  In  Figures  7  through  9.  In  Figure  7 
the  dashed  Interface  lines,  cutting  halfway  across  each  coupled-line  pair  both 
horizontally  and  vertically,  isolate  mutually  Identical,  composite,  eight-port 
unit-cells,  each  Including  four  coupled-line  pairs  In  a  doubly-symmetrlc  four- 
arm  configuration. 

This  composite,  eight-port  unit-cell,  Isolated  In  Figure  10,  resembles  a 
four-atom  'monomer-molecule'  of  a  'cross-linked  polymer',  and  has  been 
analyzed  In  substantial  detail  to  model  element-to-element,  electromagnetic 
proximity-coupling  effects  In  planar-  and  non-planar-phased-arrays. 

Figures  11,  12  and  13  represent  various  entries  of  the  8  x  8  Z-matrlx, 
computed  numerically  with  a  microwave  CAO  program,  for  an  amount  of  line¬ 
coupling  equivalent  to  that  of  a  3  dB  single-section  coupler. 

Closed-form,  analytic*,!  expressions  of  the  8  x  8  Z-matrlx,  Y-matrlx,  and 
ABCO-matrlx  and  of  the  4x4  Image-Impedance-  and  Image-transfer-function 
matrices  have  also  been  derived  and  physically  Interpreted.  The  Image- 
Impedance-matrix  of  this  unit-cell  Is  purely  resistive  and  frequency- 
independent,  and  this  proves  that,  contrary  to  expectations,  the  unit-cell  has 
no  stop-bands,  under  Image-match  conditions  (Table  I). 

Finally,  Figure  14  shows  a  variant  of  the  structure  In  Figures  5  through 
9,  where  the  mutually-coupled  TEM  ring-resonators  are  arranged  in  an  hexagonal 
lattice,  as  required  to  model  element-to-element,  electromagnetic  proximity¬ 
coupling  effects  In  phased-array  with  hexagonal  element  distributions.  The 
dashed  Interface  line's  at  zero  and  ±60  degrees  orientation  show  that  even  this 
rather  sophisticated  structure-configuration  can  be  decomposed  in  mutually- 
interconnected  fishbone  networks.  Alternatively  a  three-arm  'monomer- 
molecule'  could  be  Isolated. 
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Figure  3A.  A  Typical  •Fishbone*  network. 
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Figure  11.  Open-Circuit  Impedances  of  the  Four-Ar*  Unit-Cell  of  the 
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1)K  -  Ka«Kb*KA 

Ttblc  IA.  The  A8CD  Hitrlx  of  the  Unit-Cell  of  the  Two-DInenslonel  Cluster 
of  Ring  Resonetors  (In  Its  'Tvlsted  Fora*). 
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ATHCHAT1CAL  FOUNDATIONS 


The  new  theory  of  wave-propagation  on  Infinite,  two-dimensional 
structures,  represented  as  clusters  of  unit-cell,  multiport  microwave 
networks,  Is  based  on  fundamental  extensions  of  the  classical  concepts  of 
Image-impedance  end  of  Image-transfer-function  of  two-port  networks,  to  the 
domain  of  iwltlport  microwave  networks. 

In  the  doMln  of  2n-port  microwave  networks,  the  familiar  complex,  scalar 
image-impedances  and  lmage-transfer-functlons  become  complex  n  x  n  matrices. 
The  Image-lmpedtnce-matrlces  and  the  Image-transfer-functlon-matrlces  are 
defined,  however,  In  total  analogy  to  the  familiar  scalar  Image-parameters  of 
two-port  networks,  and  may  be  expressed  In  closed-fora  as  non-llnear  matrlx- 
functlons  of  the  four  n  x  n  blocks  A,  B,  C  and  0  of  the  generalized  2n  x  2n 
ABCO-Mtrlces  of  the  considered  unit-cell  networks. 

The  non-linear  expressions  of  the  Image-matrices  of  a  linear,  2n-port 
alcrowave  network,  given  here,  have  been  derived  by  systematic  exploitation  of 
the  generalized,  MUltldlMenslonal  fractlonal-llnear-transforaation  that  was 
previously  found  111  to  quantitatively  describe  the  electrical  transformation 
of  n-port  loads,  from  one  structural  Interface  to  another,  through  a  2n-port 
unit-cell  network. 

The  so-defined  and  expressed  iMage-lapedance-Matrlces  represent  the 
multiport  loads  required  to  obtain  bilateral,  multiport  Impedance-match,  In 
two-dimensions,  at  all  the  Interfaces  of  a  unit-cell  multiport  network. 

In  the  most  general  case,  the  multiport  unit-cells  of  an  Infinite,  two- 
dimensional  structure  need  not  be  all  mutually  Identical,  as  long  as  the 
Image-match  condition  Is  satisfied  at  each  Internal  Interface,  and  the 
validity  of  the  general  theory  extends  to  Infinite,  quasl-doubly-per Iodic 
structures. 

Conversely,  strictly  dcubly-periodlc  structures  are  represented  by 
Infinite  two-dimensional  clusters  of  mutually  Identical  and  doubly-syimwtrlc 
unit-cell  multiport  networks. 

Further,  the  so-defined  and  expressed  Image-transfer-functlor, -matrices 
quantitatively  describe  the  propagation  of  arbitrary  voltage-  and/or  current- 
vectors,  between  the  Interfaces  of  a  unit-cell  multiport  network,  under 
bilateral,  multiport  Impedance-match. 

The  fundamental,  normal  modes  of  such  a  strictly  doubly-perl«-4lc  two- 
dimensional  structure  are  then  Identified  and  defined  by  the  eigenvectors  of 
the  lmage-transfer-functlon  matrices  of  the  unique  unit-cell -network  that  is 
the  fundamental  bulldlng-block  of  the  whole  Infinite,  two-dlaenslonAl 
structure,  and  are  then  constant,  up  to  a  complex  scaling  factor,  through  the 
whole  system.  Further,  the  wave-nuaber  of  etch  normal  mode  Is  directly 
related  to  the  corresponding  eigenvalue  of  the  Image-transfer-functlon-matrlx 
of  the  multiport  unit-cell. 

The  modal  eigenvectors  constitute  a  vector-base  that  may  be  used  to 
represent  arbitrary  voltage-  and/or  current-patterns  at  any  Interface,  tj 
vector-1 Inear-comblnatlons  of  the  normal  modes  with  known  complex  weights. 

The  eigenvalues  of  the  Image-lfipedance-matrlx  of  the  unit-cell  network 
represent  complex,  scalar  load-impedance  values  that  will  bilaterally  match 
the  unit-cell  network,  under  a  single-noraal-mode  excitation,  when  connected 
to  all  Its  ports.  These  eigenvalues  are  the  'Modal  Impedances'  of  the  unit- 
cell  network,  and  are  blunlvocally  associated  to  the  corresponding  normal 
modes,  exactly  as  the  even-  and  odd-node  Impedances  of  a  coupled-line  pair  are 
associated  to  the  corresponding  even  and  odd  modes. 
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Figure  15.  Tr*nsfor*4t1on  of  *n  n  x  n,  Complex,  I«ped»nce  HUrix  ZL . 
(»nd  of  the  Corresponding  Ad*1tt»nce  Metrlx  Y^). 
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Figure  18.  Definition  of  the  iMje-Metrlces. 
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Figure  20.  The  Metrlx  Reletlon  Between  ABCO  Matrices. 
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Figure  21.  The  Image- Impedance  Matrices 

Tjvk  *  i  +(,Hbd->c)  'a  •  A~ 

of  a  Sywaetrlc  Network. 

1  Voltage  Forward 

Tivb  =  A  *  I  -(A-iBD-IC)‘/‘ 

Voltage  Backward 

Tjjp  =  I  +(D-*CA-*B)  %  •  D-* 

Current  Forward 

Tub  =  D  •  I  -(d-,CA“ib)  w 

. 

Current  Backward 

f^ure  22.  Tfic  Isage-Transfer-Functlon  Matrices. 


✓  <*- 


Tivf  =  (i  +  bc)w  +(bc)* 


Tivb  =  (1  +  BC)%  -(BC )W 


A  =  (l  +  BC)W 


D  =  (l  +  CB)W 


Figure  23.  The  Voltage  Image-Transfer-Functlon  Matrices  of  a  Symmetric 
2n-Port  Network. 
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igure  25.  Resistance-Only,  Four-Port  Network  Equivalent  to  the  Frequency- 
ndependent  Image-lmpedance-Natrix  2i  of  the  Four-Arm  Unit-Cell  (Synthesized 
ithout  Ideal  Transformers). 


Figure  25.  Illustration  of  the  Fundamental  Concept  of  Image-Matched  Chain 
of  2n-Port  Networks. 


225 


COHCLUSIOItS 


Extensive  preliminary  results  of  the  new  theory  of  wave  propegetlon  on 
infinite,  two-dimensional  structures,  es  applied  to  two-dimensional  clusters 
of  mutually-coupled  microwave  resonators,  show  thet:  e)  The  usehle  bendwldth 
of  such  «  structure  largely  Increases  with  increasing  mutual  coupling  between 
adjacent  unit-cell  resonators,  and  can  attain  values  vastly  In  excess  of  the 
intrinsic  bandwidth  of  each  Isolated  array-element,  b)  The  center-frequency  of 
the  usable  bandwidth  of  the  structure  is  controlled  by  the  coMion,  nominal 
resonant  frequency  of  all  the  unit-cell  resonators,  and  c)  The  adverse  effects 
of  the  natural,  uncontrolled,  element-to-element  proxiaiity-coupllng  can  be 
countered  by  intentionally  Introducing  a  controlled  amount  of  sub-aperture- 
surface  coupling,  between  adjacent  array-elements. 

Some  of  the  described  results,  that  relate  to  staple  one-dlaenslonal 
chains  of  autually-coupled  resonators,  are  shown  In  Figures  27  to  47.  The 
dispersion  characteristics  In  Figures  29,  30,  37,  and  43  represent  Mmage- 
phase-rotatlons  per  unit-cell1  or,  equivalently,  arguaents  of  the 
corresponding  coaplex  voltage-transfer-functions.  The  ieage-iapedances  in 
Figures  31  and  32  are  normal  lied  to  the  square-root  of  the  ratio  L/C,  while 
those  In  Figures  38,  44  and  45  are  expressed  in  ohm,  under  the  assumption  that 
the  square-root  of  the  product  ZnWjv.  equals  50  ohm.  Similarly,  the  group 
delays  In  Figures  33  and  34  are  ranSalized  to  the  period  of  the  unit-cell 
resonant  frequency  -  that  equals  2*VTT'  -  ,  while  the  group  delays  In  Figures 
39  and  46  are  normalized  to  the  periods  of  the  half-wave,  shorted-llne 
resonance  (Figure  36)  or  of  the  full-wave  ring-resonance  (Figure  42),  at  which 
frequencies  the  couplers  in  the  unit-cells  are  a  quarter-wave  long  (Theta  ■  90 
degrees).  Finally,  the  attenuations  in  Figures  35,  40,  41  and  47  are 
expressed  in  *d8  per  unit-cell'  outside  the  passbands,  while  being  zero  dB 
within  the  passband,  as  would  be  expected  of  a  chain  or  cascaded,  lossless 
unit-cell  networks. 
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K  -  K,  •  K2  •  K3  •  K4 


K  And  Kj  -  2  X  2 


Figure  27.  A  Chain  of  Cascaded  Two-Ports. 


Figure  28.  The  One-Dlnenslonal  Chain  of  Lunped  Resonators 


I 


1.0 


2.5 


3 


0.5 


•» 

Alpha 


Figure  29.  0ne-01*ens1onal  Chain  of  Luaped  Resonators;  Olsperslon 
Characteristics  In  the  Passband. 
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1D-Chnln  ef  lumped  re«on«tora  :  K  *  0.1  to  0.0 


Figure  30.  One-Olaensional  Chain  of  lUMped  Resonators;  Dispersion 
Characteristics  in  the  Passband. 
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ID-Chaln  of  lumped  rctonaion  :  K  »  0.1  to  0.0 


Figure  33.  Onc-OlsenslonAl  Ch*1n  of  Lumped  Resonators;  Noraallzed 
Group  Delay. 


10-Chnin  of  lumped  rctonutor*  :  K  ■  0.1  to  0.0 
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Pill 


KffZiWU . . . . . . 

FI  jure  36.  The  One-Oi»ensional  Chain  of  Coupled,  Half-Wave  Resonators. 


Thcttt 

Figure  37.  0ne-0i«ensional  Chain  of  Half-Wave  Resonators;  Dispersion 
Characteristic  in  the  First  Passband. 


ID-Chuln  of  b*if-w»ve  rssottutor*  :  Cdb  *  -3.01  lo  -30.1 


TlicU 


Figure  38*  0r*-0l«enslonal  Chiln  of  Resonttors;  Re«l  Iwige- 

I^*d«nc*  In  th«  First  P*S3b*nd. 


TON 


ID-ChMn  of  h»lv-w»ve  rcnontlori  :  Cdb  =  -3.01  lo  -30.1 


TheU 


Figure  39.  0ne-Di»ens1ont]  Chtln  of  H«lf-W»ve  Resonetors;  Honwlized 
Group  Oeley. 
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I D— Chain,  of  half-wave  rcionator*  :  CdB  =  -3.01  to  -30.1  (ID 


Theta 

Figure  <10.  0ne-D1»ens1ona1  Chain  of  Half-Wave  Resonators;  Attenuation  per 
Unit-Cell  Around  and  Across  the  First  Passband. 
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Figure  42.  One-Olmensiorul  Chtin  of  Ring-Reson«tors. 


ID-Ch*l»  of  ring  resonator*  ;  Cdb  »  -3.01  to  -30.1 


TheU 

Figure  43.  One-Oiaensional  Chiin  of  Ring-Reson«tors;  Oispersion 
Characteristics  in  the  First  Passband. 
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T  C  ti 


ID-Chkln  of  rln*  rcnonfttor*  ;  Cdb  ■  -3.01  to  -30.1 


Figure  46.  One-DI«*nslon*l  Ch«1n  of  R|ng-Reson*tors;  Honwllzed  Group  Delay, 
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ID-Ch»Sn  of  ring  monktor*  :  C4R  a  -3,01  to  -30.1  dB 


Figure  47.  One-Olaensional  Chain  of  Ring-Resonators;  Attenuation  per 
Unit-Cell  Around  and  Across  the  First  Two  Passbands. 
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A  MMP  PROGRAM  FOR  COMPUTATIONS  OF  3D 
ELECTROMAGNETIC  FIELDS  ON  PCs 

Lars  Bomholt,  Christian  Hafner 


Electromagnetics  Group 
Swiss  Federal  Institute  of  Technology 
8092  Zurich,  S  wittcrland 


Abstract 

The  MMP  (Multiple  Multi  Pole)  programs  are  based  on  the  Generalised  Multipole  Tech¬ 
nique  (GMT).  They  offer  fast  and  efficient  computations  of  time  harmonic  elect  rod  rnam- 
tc  problems  with  piecewise  linear,  homogeneuous  and  isotropic  materials. 

A  new  implementation  for  3D  problems  has  Just  been  completed.  It  runs  on  PCs,  work¬ 
stations  and  TWO  transputer  networks.  We  present  an  outline  of  the  method  and  imple¬ 
mentation  along  with  some  examples. 

Outline  of  the  Method 

MMP  (Multiple  MultiPolc)  programs  arc  art  Implementation  of  the  GMT  (Generalized  Multi* 
pole  Technique).  GMT  covers  several  methods  some  of  which  have  come  from  MoM.  The 
MMP  programs  have  evolved  from  an  extension  of  the  PM  (Point  Matching)  technique.  In 
GMT  time  harmonic  analytic  solutions  of  the  field  equations  arc  used  to  model  a  field.  Most 
important  arc  multipoic  expansions  which  have  a  very  local  behaviour  and  arc  therefore  easy 
to  use.  Several  multipoles  of  finite  order  located  outside  the  domain  are  used.  Because  the 
singularities  of  the  expansions  arc  away  from  the  boundary,  ncarficld  behaviour  is  very  good. 
The  mc'hod  works  for  piecewise  linear,  homogenuous  and  isotropic  materials  in  the  time  har¬ 
monic  case.  Lossy  materials  require  no  discretisation  of  the  domains  as  in  the  MoM. 

Fkid  Expansions 

In  the  MMP  programs,  she  field  inside  a  domain  Is  expanded  directly  as  a  field  of  several  mul¬ 
tipole  expansions:  v 

FmiF>  where 

la  I 

The  ft,  arc  exact  solutions  of  the  Helmholtz  Equations  and  can  be  written  in  two  or  in  three 
dimensions  bs  written  as 

/,/  =  rcip.  f,(  -  A^fAr,  )/>*(, cosd,)^^) 

N*  *  andA, 1  are  Hankel  functions;  the  origins  (r*0)  of  the  expansions  arc  located  outside  the 
domain.  Placing  the  expansions  according  to  the  shape  of  the  domain,  certain  rules  must  be 
followed  in  order  to  avoid  "almost”  linear  dependencies  among  the  expansion  functions. 

The  program  supports  also  other  solutions  of  the  field  equations  like  Bessel  expansions,  TEM 
expansions,  plane  waves  and  waveguide  modes  for  rectangular  and  circular  waveguides. 
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Matching 

The  expansion*  foe  ihc  field  In  the  various  dotnalns  arc  matched  In  discrete  matching  points  on 
the  boundary  of  the  domains.  Normally  all  6  boundary  condition*  for  the  normal  and  transver¬ 
sal  electric  and  magnetic  field  arc  used.  This  make*  It  necessary  to  use  ovcrdctcrmincd  sys¬ 
tems  of  equations,  but  improve*  the  numerical  behaviour  significantly.  Usually  we  have  3  to 
10  times  more  equations  than  unknowns.  To  get  accurate  solutions  the  weighting  of  the  equa¬ 
tions  Is  very  Important.  The  weighting  factors  used  In  the  MMP  programs  have  been  derived 
by  comparison  of  the  extended  PM  with  the  Error  Method  and  with  the  Projection  Technique 
(P‘0.  This  allows  to  get  as  good  results  as  the  fT  with  Galerkin's  choice  of  testing  functions, 
but  in  a  much  easier  way  ( 1 J. 

Solving  the  System  of  Equations 

Solving  the  ovcrdctcrmincd  system  of  equations  In  the  least  squares  sense  by  a  Cholcsky 
procedure  leads  practically  to  the  same  results  as  a  projection  method  with  Galerkin's  choice 
of  testing  functions  without  the  need  of  solving  Integrals.  Therefore  It  Is  much  faster.  The 
Cholcsky  procedure  needs  the  matrix  ATA  where  A  is  the  system  matrix.  Instead  of  this  we 
use  an  updating  technique  which  transforms  A  directly  Into  a  triangular  matrix  T  using  Giv¬ 
en's  plane  rotations  (2).  The  triangular  matrix  Is  then  solved  by  backsubstltutlon. 

This  algorithm  is  numerically  better  than  the  Cholcsky  procedure  and  also  very  memory  effi¬ 
cient  because  It  needs  only  the  rows  being  updated  and  the  triangular  matrix.  The  original 
matrix  A  does  not  have  to  be  stored.  Since  the  condition  of  the  matrix  A  is  usually  good  this 
procedure  is  useful  even  for  large  matrices. 

Another  advantage  Is  the  easy  Implementation  on  parallel  processors  (3). 

The  quality  of  the  calculation  is  estimated  by  the  sum  of  the  squares  of  the  residues,  which 
can  be  directly  obtained  from  the  triangular  matrix,  and  by  calculating  tire  residues  in  the  sin¬ 
gle  matching  points. 


Updating  of  rows  of  an  overde- 
tetmined  system  of  equations  A 
into  a  triangular  matrix  using 
Given's  Plane  Rotations. 

The  algorithm  is  very  memory 
efficient  as  only  the  shaded  pans 
need  to  be  stored.  After  the 
rows  have  been  updated,  they 
can  be  discarded. 


Plotting  and  Zooming 

After  the  unknowns  have  been  determined  the  computadon  of  the  field  in  the  different  regions 
is  a  very  fast  procedure.  Zooming  in  the  field  in  details  can  be  done  very  quickly  and  is  a  good 
procedure  to  get  an  impression  of  the  quality  of  the  solution. 


Symmetries 

Many  objects  be  inf  nxxldrd  have  geometric  symmetries.  Considering  symmetries  can  greatly 
reduce  the  number  of  matching  points  and  unknowns  needed.  This  is  especially  valuable  !n  3D 
modelling.  One  symmetry  plane  reduces  M  and  N  by  a  factor  of  2,  The  smaller  problem  has  to 
be  solved  twice:  for  even  and  odd  symmetry  about  the  plane.  However  often  one  of  these 
pans  can  be  excluded  in  advance. 

The  program  supports  rotational  symmetries  with  one  possible  symmetry  plane  perpendicular 
to  the  symmetry  axis,  and  for  full  3D  calculations  arbitrary  combinations  of  symmetries  about 
the  planes  x*0,  y»0  and  x»0. 

Implementation 

The  program  is  written  in  standard  FORTRAN  77.  It  has  a  sire  of  around  200  Kbytes,  depen¬ 
ding  of  the  compiler  used.  Ix*  a  problem  with  about  1000  unknowns  about  ^Mbytes  of  memo¬ 
ry  Is  required.  This  makes  It  possible  to  run  the  program  on  PCs  and  other  small  machines.  It 
is  currently  installed  on  SUN  workstations  (SUN  Fortran),  PCs  with  80x87  coprocessor  or 
Weitek  1167  floating  point  accelerator  (Ryan  McFarland  and  NDP  Fonran)and  on  IMS  TS00 
transputer  networks  (3L  Parallel  Fortran). 

Input  and  Output 

The  program  communicates  to  the  outside  world  vU  ASCI!  Ales.  The  input  file  contains  ail 
information  about  the  problem:  frequency,  symmetries  used,  the  coefficients  of  dielectricity, 
permeability  and  conduction  of  the  various  domains,  kind,  location  and  orientation  of  the 
expansions,  the  matching  points,  integrals  to  evaluate  and  the  area  in  which  the  Held  will  be 
plotted. 

A  mouse  supported  graphic  input  output  editor  for  SUN  workstations  already  exists  (4).  Fur¬ 
thermore  we  ciso  plan  to  write  one  for  PCs. 

Range  of  Application 

The  program  is  designed  for  2D  and  3D  scattering.  Its  strengths  lie  in  nearfield  calculations 
and  in  calculations  involving  lossy  media  [Sj.  In  our  group  it  is  currently  used  for  scattering  on 
biological  bodies,  on  metallic  bodies,  for  calculation  of  aperture  coupling  and  scattering  and  for 
waveguide  problems. 

Two  easy  examples  which  may  further  point  out  the  use  of  the  MMP  programs  in  3D  scatter¬ 
ing  are  shown  in  the  appendix. 

Future 

Our  group  concentrates  its  research  on  MMP  and  its  applications.  The  method  and  the  pro¬ 
grams  are  continuously  Improved.  Planned  are  the  combination  with  Laplace  Transformation 
to  allow  time  domain  calculations  and  with  techniques  having  other  strengths,  like  FEM  for 
nonlinear  materials  or  MoM  (NEC)  lor  wire  antennas. 
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Rectangular  waveguide  with  lossy 
dielectric  sphere 

A  dielectric  lossy  sphere  In  a  rectan- 
guli*  waveguide,  In  which  only  the 
Hoi  mode  can  propagate.  The  wave 
guide  has  a  cross  section  of  3  by  2 
units  and  Is  modeled  In  full  3D  over  a 
length  of  4  units;  the  sphere  has  a 
diameter  of  1  unit. 

right:  View  of  a  section  of  the  wave 
guide  with  the  sphere  inside.  Only  a 
quarter  of  the  geometry  (shaded)  has 
to  be  discretized. 

below  and  bottom:  Poynting  time  aver¬ 
age  and  Poynting  field  in  the  two  sym¬ 
metry  planes 
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Igloo  standing  on  a  perfectly  conducting  plane  with  an  Incident  plane  wave 
The  Igloo  is  modeled  of  dielceiric  conducting  material.  The  dome  is  3.5  units  high,  the  entrance 
tunnel  1,5  units.  The  "snow"  is  0.5  units  thick.  Only  half  of  the  igloo  (shaded)  has  to  be  mod¬ 
elled,  because  a  symmetry  plane  is  used.  The  perfectly  conducting  plane  on  which  the  igloo  is 
standing  is  brought  into  the  model  by  another  symmetry  consideration.  Each  square  corre¬ 
sponds  to  a  matching  point. 

In  this  example  the  plane  wave  is  polarized  with  E  perpendicular  to  the  plane  and  is  incident 
horizontally  towards  the  entrance.  The  model  can  also  be.  used  for  waves  incident  from  other 
directions. 

The  Poynting  Held  In  a  plane  standing  perpendicular  on  she  ground  along  rite  direction  of  propa¬ 
gation  is  shown. 


249 


Literature 

(|)Cti.  Hafner,  “Numerischc  Berechnung  clektromagnclischcr  Felder",  Springer,  Berlin,  I9S7 
(2)  J  J.  Dongarra,  C.B.  Molcr,  J.R.  Bunch,  G.W.  Stewart,  "UNPACK  User's  Guide",  SIAM, 
Philadelphia,  1979 

13]  Ch.  I  iafner,  L  Bomholt,  "Implementation  and  Performance  of  MMP  Programs  on  Transput¬ 
ers",  5  th  Annual  Review  of  Progress  fa  Applied  Computational  Electromagnetics  (ACES),  Con - 
ference  Proceedings,  Starch  1989 

(•I)  P.  Regli,  N.  Kustcr,  "Graphic  Output  Routines  of  the  MMP  Program  Package  on  PCs  and 
Sun  Workstations",  5th  Annual  Review  of  Progress  In  Applied  Computational  Electromagnet- 
la  (ACES),  Conference  Proceedings,  Starch  1989 

(5]  N.  Kustcr,  R.  Baliisti,  "MMP-Mcthod-Simulation  of  Antennae  with  Scattering  Objects  in 
the  Closer  Ncarfield",  IEEE  Trans.  Stagn.,  Vol  StAG-25,  July  1989 


250 


Increasing  Oil  Production  From  A  Well  With  Radio  Waves 


E.  Sumbar,  F.E.  Vcrmeulcn,  and  F.S.  Chute 


Afipllal  Electromagnetics  Laboratory 
Dei«rlment  of  Electrical  Engineering 
University  of  Alberta 
Edmonton,  Alberta,  Canada,  T CC  2C? 
(Ml  492-3331 


Abstract 

A  novel  technique  for  enhancing  the  re¬ 
covery  of  heavy  oil  from  deep  wells  is 
being  studied.  The  technique  involves  the 
propagation  of  high  frequency  elec¬ 
tromagnetic  energy  through  the  lossy  (loss 
tangent  about  3)  oil-bearing  formation 
and  takes  advantage  of  the  heat  generated 
by  the  dissipation  of  the  wave.  An  antenna 
structure  installed  at  the  bottom  of  a  well 
and  radiating  5  to  SO  kW  of  power  at  fre¬ 
quencies  in  the  range  100  kHz.  to  5  MHz 
can  raise  the  temperature  of  the  surround¬ 
ing  strata  by  more  than  100  Celsius  de¬ 
grees  above  in  situ  conditions  within 
several  months.  This  increase  in  tempera¬ 
ture  causes  a  dramatic  reduction  in  oil 
viscosity  in  the  vicinity  of  the  well  which 
in  turn  lowers  flow  resistance  and  allows 
the  production  rates  to  be  significantly 
higher  than  would  otherwise  be  expected. 

A  two-dimensional  finite  element  code 
called  feast  (Finite  Element  Analysis  of 
Subterranean  Radio  Transmission)  is 
being  developed  to  model  this  system. 
feast  provides  an  azimuthally  symmetric 
solution  to  Maxwell's  equations  in  cylin¬ 
drical  coordinates  for  arbitrary  lossy  mate¬ 
rials.  The  program  uses  the  resultant 


internal  healing  rates  to  solve  the  tran¬ 
sient  heat  flow  equation.  As  the  thermal 
solution  advances  in  time,  the  electromag¬ 
netic  fields  and  the  electrical  heating 
terms  arc  reevaluated  at  specified  inter¬ 
vals  in  order  to  account  for  the  changes  in 
the  electrical  properties  of  the  formation 
with  temperature. 

feast  has  been  successfully  used  to  repli¬ 
cate  many  theoretical  and  experimental 
results  for  antennas  operating  in  various 
media  at  constant  temperature.  Encour¬ 
aged  by  this,  we  have  examined  several 
antenna  heating-schemes  of  practical 
interest  to  us.  We  present  here  an  over¬ 
view  of  feast  and  an  analysis  of  a  typical 
in  situ  heating  arrangement. 


Introduction 

To  mode!  the  temperature  rise  near  a 
transmitting  antenna  operating  in  a  lossy 
medium,  the  program  feast  sequentially 
evaluates  Maxwell's  equations  .rnd  the 
transient  heat  conduction  equation. 

For  the  case  of  axisymmetric  cylindrical 
antennas,  Maxwell's  equations  can  be 
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written  as 


i  (o  +/oc )  E 


Wf#  ^ 


VxE- -yap //*«*. 

These  equations  can  be  manipulated  to 
give  an  expression  for  r//t: 

_  3  I  |  *rHj  \ 

""5r\r(0+yo»c)  5r  J 
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3i  U(o+./a)C)  &  / 
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from  which  the  5-fields  may  be  derived. 

£,■(— — L — -^ij.and 

lr(o+ytoc)  ^  / 

r  (  -1  3rfM 

'  \r(o+ywc)  57  / 

Knowing  the  ^fields,  the  rate  of  energy 
dissipation  in  the  medium  may  be  evalu¬ 
ated  from 

0|Ep. 


This  quantity  represents  the  internal  heat¬ 
ing  rate  which  drives  the  transient  heat 
conduction  equation. 


The  volumetric  heat  capacity  pc  has  units 


of  J/m*-®C;  the  thermal  conductivity  Jt; is 
given  in  units  of  W/n\-*C;  and  Vis  the 
temperature  in  'C 


ImphmwitaUoa 

feast  is  structured  around  the  solution  of 
the  transient  heat  conduction  equation.  At 
the  beginning  of  the  calculation  sequence 
and  as  the  solution  steps  in  time,  the 
program  evaluates  the  electromagnetic 
fields  and  the  electrical  heating  rates. 
These  electrical  parameters  are  updated 
only  when  the  temperature  dependent 
electrical  conductivity  of  the  medium  has 
changed  by  a  user  specified  amount.  (The 
other  electrical  and  thermal  properties  of 
the  material  are  assumed  to  remain  con¬ 
stant  with  temperature.!  A  typical  tem¬ 
perature  profile  for  the  ci'cctrical  conduc¬ 
tivity  of  oil  sand  is  (Chute  el  nl.,  1958) 

0  (  7*)-  10  (  0.0263AV 

+  17.05xlQ-5ATJ 
-9.77x1  0"7ATj  ). 

with  Tin  °C,  LT«T-2\,  and  o  in  mS/m. 

The  numerical  techniques  in  feast  are 
based  on  those  found  in  a  teaching  pro¬ 
gram  called  unafem.  unafem  is  a  finite 
element  code  written  in  FORTRAN  by  W. 
John  Denkmann  and  David  S.  Burnett  of 
AT&T  Bell  Laboratories  which  uses  the 
Galerkin  method  in  its  approach  to  the 
solution  of  partial  differential  equations. 
David  Burnett  has  written  a  book  to 
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support  unafem  called  Finite  iikmati 
Annl)'sist  From  CoitccftU  to  Af plications. 

To  model  the  domain  /or  the  finite  ele¬ 
ment  analysis  of  Maxwell's  equations,  a 
normalized  mesh  was  constructed  made 
up  of -12, -4  Oquadralic  isoparametric 
elements  comprising  943  nodes.  A  subset 
of  this  mesh  was  used  to  define  the  ther¬ 
mal  domain  with  119  O-lincar  elements 
and  84  nodes.  A  schematic  representation 
of  the  mesh  is  given  in  Fig.  1, 

Antennas  of  various  heights  can  be  accom¬ 
modated  by  scaling  all  of  the  coordinates 
of  the  normalized  mesh.  The  scale  factor 
can  not  be  too  much  greater  than  the 
wavelength,  expressed  in  meters,  however 
as  the  node  density  may  become  too  low 
to  accurately  represent  the  undulations  of 
the  wave  solution.  On  the  other  hand,  the 
scale  factor  can  not  be  too  small  because 
the  far  boundary  on  which  the  radiation 
boundary  condition  is  imposed  will  be  too 
close  to  the  point  of  excitation.  In  a  small 
region  surrounding  the  antenna,  groups  of 
nodes  can  be  translated  independently  of 
the  larger  mesh  to  allow  a  range  of  an¬ 
tenna  diameters  and  coating  thicknesses. 
Tire  meshes  for  both  thermal  and  electrical 
parts  of  the  problem  are  scaled  Identically. 


were  obtained  with  feast  and  compared 
to  theory  and  experiment.  Both  thermal 
and  electrical  solvers  performed  satisfac¬ 
torily.  Verification  of  feast's  output  Is  con¬ 
tinually  checked  as  new  validation  possi¬ 
bilities  comes  to  light. 


Simulation  R—uHb 


One  possible  configuration  for  a  practical 
antenna  heater  was  designed  and  tested 
with  feast.  A  diagram  of  the  apparatus 
appears  In  Fig.  2.  The  following  simula¬ 
tion  parameters  were  used. 

frequency  Mila 

power _ - _ _ _ 5  kWrms  (constant) 

Initial  temperature - , - -15'C 

elapsed  heating  time - - - - - .90  days 

oil  sand  electrical  conductivity,  ofT? ...... 

_ _ _ „ _ (as  given  earlier) 


oil  sand  c,  ... - - — - .......... — 20 

oil  »nd  p,  HHnmnWHMHnt  ^ 

oil  sand  thermal  conductivity,  k . .  ...  ■ 

_ l-SW/m-'C 


feast's  solution  of  the  transient  heat  con¬ 
duction  equation  was  validated  by  analyz¬ 
ing  a  hypothetical  problem  and  compar¬ 
ing  the  results  to  those  obtained  with  a 
second  independent  computer  code 
(Hiebert  el  el.,  1983).  As  well,  solutions  to 
a  variety  of  antenna  propagation  problems 


oil  sand  volumetric  heat  capacity,  pc 
_ 2  MJ/m’-'C 


air  thermal  conductivity., 


0.001  W/m-’C 
air  volumetric  heat  capacity  1  VJ/m’-'C 
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Given  these  parameters,  the  electrical 
characteristics  In  the  oil  sand  are 

wavelength,  &  ■  153  m 
sllndeptlvS  ■  3.4  m 
loss  tangent  ■  3.0. 

Using  a  time  step  size  of  500  seconds, 

15553  loops  of  the  thermal  solver  were 
executed.  A  total  of  28  electrical  solutions 
were  required  to  update  the  electrical 
heating  terms  using  a  10%  Aa  threshold. 
Total  program  run  time  was  approxi¬ 
mately  S  hours  on  a  Macintosh  II  com¬ 
puter. 

On  the  basis  of  the  predicted  initial  input 
impedance  of  the  antenna,  5  kW  of  power 
could  be  generated  with  a  driving  point 
voltage  and  current  of  617  Vrrns  and  8.5 
Arms,  respectively. 

Some  results  from  the  run  arc  presented  in 
Figs.  3  and  4,  showing  in  one,  trie  change 
in  antenna  impedance  ns  lime  progresses 
and  temperatures  rise,  and  in  the  other, 
the  temperature  distribution  near  the 
antenna  at  the  end  of  the  90-day  heating 
period.  This  last  figure  shows  a  significant 
temperature  rise  along  the  entire  antenna 
length  (which  would  also  serve  as  the  oil 
collector  in  a  practical  application),  The 
higher  temperatures  are  seen  to  extend 
about  3  meters  into  the  oil  bearing  region 
as  well. 


Conclusion* 

A  finite  element  FORTRAN’  eode  called 
feast  has  been  developed  for  studying  the 
thermal  and  electrical  phenomena  of 
cylindrical  antennas  radiating  into  lossy 
materials.  It  is  being  used  to  evaluate 
alternative  techniques  for  enhancing  the 
recovery  of  oil  from  heavy-oil  wells.  Re¬ 
sults  of  practical  significance  have  been 
obtained  for  the  preliminary  antenna 
designs  which  were  tested. 
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Ftguem  Caption* 

RG.  I  The  finite  dement  mesh  used  by 

the  thermal  and  electrical 
solvers  within  feast.  Boundary 
conditions  arc  also  Indicated. 

FIG.  2  A  schematic  representation  of  a 

proposed  antenna  heating  ar¬ 
rangement, 

FIG.  3  Antenna  driving  point  Imped¬ 
ance  as  a  function  of  time. 

FIG.  4  Distribution  of  temperatures  in 

•C  for  the  upper  half  of  the  do¬ 
main  at  the  end  of  the  90-day 
heating  period. 


Figure  1 


Figure  2 


72  cm 


15.5  cm 
antenna 
diameter 
and  a 
3  cm  gap 
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FINITE  ELEMENT  ANALYSIS  Of 
MICROSTRIP  SYSTEMS  IN  THE  VICINITY  OF  AN  EDGE 

ABSTRACT 


TCM  ELECTRICAL  CHARACTERISTICS  Of  AM  WIKTELY  LONG  MICROSTRlP 
STRUCTURE  W  THE  VKMTY  Of  AM  EDGE  ARE  INVESTIGATED  VIA  A  SCRIES  Of 
NUMERICAL  SIMULATIONS.  A  ANTE  ELEMENT  ROUTINE  IS  USED  AS  THE  BASIS 
FOR  THE  SMULATIONS  THAT  SOLVE  TIC  OUASI -STATIC  MAXWELL  EQUATIONS 
(*•  D  ■  P,)  SUBJECT  TO  THE  APPROPRIATE  ELECTROMAGNETIC  BOUNDARY 
CONDITIONS.  The  GEOMETRIC  AND  ELECTRICAL  PARAMETERS  USED  IN  THE 
SIMULATIONS  ARC  SELECTED  TO  BE  REPRESENTATIVE  Of  THOSE  TYPICALLY 
ENCOUNTERED  IN  PWNTED  ORCUIT  BOARD  FABRICATIONS  (MICROSTRIP  FEATURES  - 

10-30  Mcs).  Several  plots  of  the  vector  electric  field  intensity  ano 

CONTOURS  Of  EQUAL  ELECTRIC  POTENTIAL  IN  THE  VICINITY  Of  THE  DIELECTRIC’S 
EOCC  ARE  PRESENTED.  THESE  PLOTS  IDCHTrY  THE  CENCRAL  PERTURBATION  IN 
THE  HELD  MAPPING  CAUSED  BY  TIC  PRESENCE  Of  THE  EDGE;  THERE  BY  PRCVEHNG 
THE  DESIGN  ENCINEER  WITH  INSIGHT  INTO  THE  CHARACTER  Of  THE  FRINGING 
EFFECTS.  Based  on  tic  simulations,  an  analytic  expression  for  the 

MKROSTRIP-  TO-GROUND  CAPACITANCE  IS  ALSO  DEVELOPED.  THE  FORMULATION 
SHOWS  0000  OVERALL  AGREEMENT  WHEN  COMPARED  TO  THE  SIMULATED  RESULTS 
(MAXIMUM  DIFFERENCE  Of  10X)  FOR  THE  RANGE  Of  PARAMETERS  USED. 
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INTRODUCTION 


Microstrip  circuitry  is  used  extensively  in  both  the  FABRICATION  Of 

MICROELECTRONIC  AND  PRINTED  CiRCUlf  BOARO  SYSTfiMS,  TlCRE  EXISTS  A  LARGE 
VOLUME  Of  TABULATED  DATA  AND  APPROXIMATE  ANALYTIC  EXPRESSIONS  FOR  THE 
ELECTRICAL  CHARACTERISTICS  Of  TW.SE  STRUCTURES  IN  THE  VICINITY  Of 
FINITE  PUUCR  SURFACES,  (1-2).  HOWEVER,  THE  DESIGN  ENGINEER  IN  MANY 
CASES  MUST  LOCATE  CONDUCTING  LINES  IN  THE  PROXIMITY  Of  AN  EDGE  AM)  THUS 
FACES  THE  PROBLEM  Of  ESTIMATING  THE  CORRESPOMXNG  CHANGE  IN  THE 
MICROSTRIP'S  ELECTRICAL  PROPERTIES.  T«S  IS  OFTEN  DIFFICULT  AND  FORCES 
SEVERAL  TRIAL  AND  ERROR  DESIGNS  BEFORE  CORRECT  OPERATION  Of  THE  SYSTEM 
IS  ACHIEVED.  This  TYPE  OF  EDCE  EFFECT  PROBLEM  WILL  MOST  LIKELY  WORSEN 
AS  THE  PACK  INC  DENSITY  AND  SPEEO  OF  LOGIC  DEVICES  INCREASE. 

AN  OBVIOUS  SOLUTION  TO  THIS  OESICN  PROBLEM  IS  TO  PRQVIOE  A 
CHARACTERIZATION  Of  THE  ELECTRICAL  PROPERTIES  Of  MICROSTRIP  STRUCTURES 
INCLUDING  EDGE  EFFECTS;  THIS  BEING  THE  FOCUS  OF  THE  RESEARCH  PRESENTED 
HERE,  A  FINITE  ELEMENT  ROUTINE  SERVES  AS  THE  BASIS  FOR  A  COMPUTER 
SOLUTION  OF  THE  TEM  ELECTRICAL  CHARACTERISTICS  Of  THE  MICROSTRIP  SYSTEM 
IN  THE  VICINITY  Of  AN  EDCE  (3“4).  THE  MICROSTRIP-TO-CROUNO  CAPACITANCE 
(PER  UNIT  LENGTH)  IS  DEPICTED  AS  A  FUNCTION  Of  DIELECTRIC  THICKNESS, 
DIELECTRIC  PERMITTIVITY,  MICROSTRIP  SEPARATION  DISTANCE  FROM  TiC  EDGE, 
MICROSTRIP  LINE  WIDTH  AND  THICKNESS.  THE  CATALOGUED  DATA  IS  PRESENTED 
W  A  FORMAT  THAT  FACILITATES  INTERPOLATION  BETWEEN  CURVES  AM)  GENERAL 
CEOMETRIC  SCALING  OF  DIMENSIONS.  AN  APPROXIMATE  ANALYTIC  EXPRESSION  Of 
THE  MICROSTRIP'S  ELECTRICAL  PROPERTIES  FOR  SEVERAL  OF  THE  CASES 
CONSIDERED  IS  ALSO  GIVEN. 
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TEM  NUMERICAL  ANALYSIS 


Geometry  of  Region 

Figure  1  identifies  the  relative  cross  sectional  dimensions  or  the 

MICROSTRIP  SYSTEM.  ThS  MICROSTRIP  LINE  AM)  INFINITE  GROUND  PLANE  ARE 
ASSUMED  PERFECTLY  CONDUCTING  ;OM.Y  T>€  ELECTRICAL  PARAMETERS  ASSOCIATED 
WITH  THE  TEM  MODE  OF  OPERATION  ARE  CONSIDERED.  THE  SUBSTRATE  UYER  HAS 
THICKNESS  H  ANO  PERMITTIVITY  *.  IT  INTERFACES  WITH  THE  MICROSTRIP  AS 
SHOWN,  WITH  THE  SURROUNDING  REGION  ASSUMED  TO  BE  FREE  SPACE.  THE 
MICROSTRIP  HAS  THICKNESS  T  ANO  WIDTH  W  SEPARATED  FROM  THC  EOGE  BY 
DISTANCE  X.  THE  LENGTH  Of  THE  LINE  IS  ASSUMEO  IWIMTE  AM)  CROSS 
SECTION  INVARIANT  WITH  LENGTH. 

Numerical  Mooel 

In  THIS  ANALYSIS  THE  GOVERNING  SET  Of  ELECTROMAGNETIC  EQUATIONS 
REDUCES  TO  THE  OUASI-ELECTROSTATIC  EQUATIONS’ 


V'D  *  PF 

(1) 

0  *  *E 

(2) 

C«-W 

(3) 

WHERE 

PF  «  FREE  CHARGE  DENSITY 
D  *  ELECTRIC  RUX  DENSITY 
.E  *  ELECTRIC  FIELD  INTENSITY 

*  *  ELECTRIC  POTENTIAL 
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The  classic  electrostatic  boundary  conditions  are  assumeo:  the 

TANGENTIAL  COMPONENT  Of  THE  ELECTRIC  FIELD  ACROSS  A  DIELECTRIC  INTERFACE 
IS  CONTINUOUS  (E^-  E^)  AND  THE  NORMAL  COMPONENT  0?  THE  ELECTRIC  FLUX 
DENSITY  IS  CONTINUOUS  AT  THE  INTERFACE  (D^-  0^)  (5).  THE  PER  UNIT 
LENGTH  MICROSTRIP  TO  GROUND  PLANE  CAPACITANCE  IS  DETERMINED  BASEO  ON  THE 
FUNDAMENTAL  DEFINITION  Of  CAPACITANCE: 


WHERE 


C  -  (1/YX1/2)  E^<«» 


|e2d< 


C  -  CAPACITANCE  W  FARADS 

V  ■  POTENTIAL  DIFFERENCE  BETWEEN  THE  SURFACES  (PLATES) 
WHERE  THE  CAPACITANCE  IS  DETERMINED 


(4) 


In  THE  MODELING,  THE  MICROSTRIP’S  ELECTROSTATIC  POTENTIAL  IS  SET  AT  1 

Volt  ano  the  infinite  conducting  ground  plane  at  0  Volts.  Capacitance 

IS  DETERMINED  NUMERICALLY  ACCORDING  TO  THE  ABOVE  EQUATION. 

Generally,  when  numerical  mcthoos  are  used  to  solve  a  time 

INOEPENOENT  LINEAR  DIFFERENTIAL  EQUATION,  THE  ERROR  CAN  BE  REDUCED  TO 
ANY  NECESSARY  LEVEL  161.  FOR  THE  RESEARCH  DISCUSSED  HERE,  THE  WORST 
CASE  ESTIMATE  OF  THE  NUMERICA1  ERROR  IS  APPROXIMATELY  0.01  PERCENT  BASED 
ON  STANOARO  ERROR  ESTIMATION  TECHNIQUES  (TECHNIQUES  FOR  DETERMINING 
NUMERICAL  ERROR  ARE  DISCUSSED  IN  DETAIL  IN  173).  THE  SPECIFIC  FINITE 
ELEMENT  COMPUTER  SOLUTION  USES  THE  METHOO  OF  TRIANGULATION  (TRIANGLE 
PATCH  METHOO).  A  COMPLETE  DESCRIPTION  OF  TIC  FINITE  ELEMENT  COOt  USED 
AS  THE  BASIS  OF  THE  SIMULATIONS  IS  GIVEN  BY  BAGINSXI  (31.  FOR  THE 
MICROSTRIP  TO  GROUND  CAPACITANCE'S  DESCRIBED  HERE,  THE  FINAL  TRIANGULAR 
GRID  IS  COMPOSED  OF  1000  TRIANGLES  WITH  MESH  DENSITY  GRADED  TO  BE 
LARGEST  IN  THE  VICINITY  OF  GREATEST  CHANGE  IN  THE  ELECTROSTATIC 
POTENTIAL'S  SOLUTION. 
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The  second  source  or  error  is  iwcrent  whenever  infinite  boundaries 
are  truncated.  For  the  microstrip  structure  considered,  it  is  necessary 
to  limit  both  the  vertical  and  horizontal  dimensions.  The  dimensions 

USED  ARE  SELECTED  BY  SIMULTANEOUSLY  INCREASING  EACH  UNTIL  THE  REGIONS 
TOTAL  STORED  ELECTROSTATIC  ENERGY  IS  APPROXIMATELY  INVARIANT  (REGION'S 
VERTICAL  AND  HORIZONTAL  EXTENT  SET  A?  ICO  MILS  AM)  1500  MILS 
respectively).  Also,  as  a  precautionary  measure  to  ensure  the  cooe's 

CORRECT  OPERATION,  THE  CLASSICAL  PROBLEM  OP  OCTERMINING  THE  CAPACITANCE 
OP  A  THiN  WIRE  ABOVE  A  INFINITE  GROUND  PLANE  IS  SOLVED  NUMERICALLY  WITH 
NEGLIGIBLE  DIFFERENCE  IN  THE  SOLUTION  WHEN  COMPARED  TO  THE  CANONICAL 
ANALYTIC  SOLUTION  (8J. 


265 


RESULTS 


Figure  2  and  3  depict  t>c  vector  electric  field  intensity  (0)  ano 

ELECTRICAL  POTENTIAL  MAPPtNC  THAT  OCCURS  AS  THF.  cCCC  SEPARATION  DISTANCE 
IS  INCREASED  FOR  W  *  10  MILS,  H  -  10  MILS,  T  *  0.7  MA\S  AM)  er  *  2,  10. 

ONE  Of  THE  MOST  OBVIOUS  RESULTS  THAT  CAN  BE  CLEANED  I  ROM  A  QUALITATIVE 
COMPARISON  Of  THE  TWO  FIELD  PLOTS  IS  THAT  THE  INCREASE  IN  THE 
OiaECTRIC'S  RELATIVE  PERMITTIVITY  CAUSES  A  CREATVR  PERCENTAGE  Of  THE 
ELECTRIC  aUX  TO  BE  FOCUSED  BETWEEN  THE  aECTRiaU  EQUAL  POTENTIAL 

surfaces.  This  behavior  is  expected  intuitively.  The  edge  effect 

PERTUR8ATK3NS  IN  THE  CONTOURS  Of  EQUAL  ELECTRIC  POTENTIAL  ARE  MORE 
PRONOUNCED  AS  THE  RELATIVE  PERMITTIVITY  IS  INCREASED.  THIS  OBSERVATION 
SUCCESTS  THAT  EITHER  FREE  OR  BOUND  CHARCE  DENSITIES  ARE  LIKaY  TO  BE 
INOUCtC  IN  THE  PROXIMITY  Of  THE  EDGE  If  THE  MICROSTRIP  SYSTEM  IS 
FABRICATED.  EOCE  CHARGING  Of  THIS  TYPE  IS  HIGHLY  SENSITIVE  TO 
ELECTROMAGNETIC  INTERFERENCE  FROM  STRAY  SOURCES  AND,  BECAUSE  Of  THE 
DIRECT  CAPACITIVE  COUPLING  TO  THE  MICROSTRIP  SYSTEM,  SHOULD  BE 
MINIMIZED. 

The  aECTRICAL  ANO  GEOMETRIC  PARAMETERS  USED  IN  THE  CAPACITIVE 
CHARACTERIZATION  PRESENTED  BaOW  ARE  REPRESENTATIVE  Of  THOSE  TYPICALLY 
ENCOUNTERED  IN  PRINTED  CIRCUIT  BOARD  DESIGN  (10).  THESE  CURVES  MAY  BE 
SCALED  TO  ACCOMMOOATE  INTEGRATED  CIRCUIT  GEOMETRIES  AS  WELL. 

Figure  4  ioentif ies  capacitance  versus  the  microstrip  distance  from 

THE  OiaECTRIC  EDGE  FOR  RELATIVE  PERMITTIVITIES  OF  1  -  10  AND  DIELECTRIC 
THICKNESSES  Of  10  AND  20  MILS.  (HORIZONTAL  AXIS  IS  SHOWN  IN  METERS  NOT 
MILS).  THERE  ARE  SEVERAL  INTERESTING  CHARACTERISTICS  TO  NOTE.  THEMOST 
OBVIOUS  IS  THAT  AS  THE  RELATIVE  PERMITTIVITY  INCREASES  THE  OVERALL 
CAPACITANCE  INCREASES.  FIGURE  5  IDENTIFIES  THE  CHANGE  IN 
MICROSTRIP-TO-CROUNO  PLANE  CAPACITANCE  AS  THE  DIELECTRIC  THICKNESS  (H) 

IS  INCREASED  AND  RELATIVE  PERMITTIVITY  WLD  CONSTANT  AT  10.  THE 
CAPACITIVE  CHARACTERISTIC  CtJRVES  FOR  THE  ABOVE  CASES  SHOW  NO  UNEXPECTED 
TRAITS.  IN  EVERY  CASE  THE  MICROSTRIP’S  RELATIVE  CAPACITANCE  IS  A 
MINIMUM  WHEN  X  *  0  (MICROSTRIP  LOCATED  AT  EDGE)  ANO  MONOTONICALLY 
INCREASES  AS  DISTANCE  X  IS  INCREASED  UNTIL  A  RELATIVE  MAXIMUM  VALUE  IS 
REACHED.  THE  POINT  AT  WHICH  THE  THE  RELATIVE  MAXIMUM  IS  REACHED  IS 
DEPENDENT  ON  ALL  THE  VARIABLES  CONSIDERED.  IN  GENERAL  THIS  DISTANCE  IS 
PROPORTIONAL  TO  DIELECTRIC  THICKNESS  (H)  ANO  THE  MICROSTRIP'S  WIDTH  (W). 
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The  nature  or  tic  microstrip's  characteristic  curves  suggests  that 
A  RELATIVELY  SIMPLISTIC  ANALYTIC  DESCRIPTION  IS  AT  LEAST  POSSIBLE  FOR 
THE  RANGE  Of  PARAMETERS  CONSIDERED  W  THE  SIMULATIONS.  AN  ANALYTIC 
EXPRESSION  THAT  INCLUOES  EOGE  EFFECTS  WAS  DEVELOPED  BY  FIRST  COMPARING 
SEVERAL  OP  THE  ACCEPTEO  FORMULATIONS  FOR  MICROSTRIP  CAPACITANCE  till  TO 
TIC  SIMULATED  RESULTS.  THE  VALUES  OF  SIMULATED  CAPACITANCE  FAR  FROM  THE 
EOGE  (CAPACITANCE  AT  A  RELATIVE  MAXIMUM)  WERF  FOUNO  TO  BE  IN  COOO 
AGREEMENT  WITH  THE  APPROXIMATE  FORMULATIONS  GIVEN  BY  CaHRIGHT  (12)  FOR 
c,  RANCINC  FROM  1“5.  CAWICHT'S  FORMULATION  FOR  MICROSTRIP-TO-CROUNO 
PLANE  CAPACITANCE  IS  GIVEN  AS: 


Z0*  (60/(ch)°-6)ln(5.97H/(0.8W*T)) 

(5) 

V,*  («  +  1)/2  +  (cf-1)/2(1  +  10H/W)*0,4 

(6) 

C  «  (pc)0-*/^ 

(7) 

An  ANALYTIC  SOLUTION  FOR  an  infinite  microstrip's  electric  field 
AND  POTENTIAL  HAS  BEEN  PRESENTED  BY  BAUM  t13).  BaUM  EMPLOYED  THE  METHOO 
OF  SEPARATION  OF  VARIABLES  TO  SOLVE  THE  LAPLACE  EQUATION  (IN  TWO 
DIMENSIONS)  AND  A  HYPERBOLIC  GENERATING  FUNCTION  TO  CONFORMALLY  MAP 
(TRANSFORM)  THE  CROSS  SECTIONAL  POTENTIAL  VARIATION  FOR  AN  INFINITE 
PLANAR  STRUCTURE.  AFTER  QUALITATIVELY  CONSIDERING  TIC  INFLUENCE  OF  THE 
M'CROSTRIP’S  EDGE  ON  THE  SOLUTION  DEDUCEO  BY  BaUM  A  SERIES  OF  MODELS 
USING  A  MOCWFIEO  HYPERBOLIC  TANGENT  FUNCTION  AS  THE  BASIS  WERE  COMPARED 
TO  THE  SIMULATED  RESULTS  RELATIVELY  GOOO  AGREEMENT  WAS  FOUND  (MAXIMUM 
VARIANCE  “10%)  FOR  THE  CAPACITANCE  DESCRIBED  BY  EQUATION  8  AND  THE 


SIMULATED  RESULTS.  (FIGURE  6). 

C  *  C0(1  -  tanh(U))/2  ♦  C,(1  +  tanh(U))/2  (8) 

C0=  (3*10')/(60ln(5.97H/(0.8W+T)))  (9) 

C  =  (3x10')(crl)°-s/(60LN(5.97H/(0.8W+T)))  (10) 

U  =  tan((W/2  +  X)/H)  (11) 
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Figure  6b.  contrasts  the  capacitance  resulting  from  the  simulations 
TO  THE  ABOVE  FORMULATION  FOR  TIC  PARAMETER  VALUES  LISTED.  THE 
CAPACITANCE  DESCRIBED  BY'.rC  ANALYTIC  SOLUTION  IS  EASCY  ADAPTED  TO 
CCMPUVER  AJOED  DESIGN  COOES  TYPICALLY  USED  W  THE  MTIAL  PHASES  OF 
CIRCUIT  BOARD  DESIGN.  EVEN  THOUGH  THE  FORMULATION  HAS  BEEN  DEVELOPED  TO 
DEPICT  THE  SIMULATED  CAPACITANCE  VALUES  FOR  A  LIMITED  PARAMETER  RANGE, 
IT  AFFORDS  THE  DESIGN  ENGINEER  THE  ABILITY  TO  SET  UMTS  ON  THE 
MCROSTRC'S  PROBABLE  CHARACTERISTIC  IMPEDANCE. 

It  SHOULD  BE  NOTED  THAT  THIS  MOCCL  HAS  ONLY  BEEN  COM»ARED  TO 
RESLLTS  FOR  A  RELATIVELY  SMALL  RANGE  OF  VALUES  AND  MAY  NOT  BE  ACCLRATE 
GENERALLY.  THE  POSSWUTY  OF  OEVELOPWC  A  MORE  COMPLETE  ANALYTIC 
FORMULATION  OF  THE  MCROSTR1P  TO  CROUNO  CAPACITANCE  WCL  BE  INVESTIGATED 
IN  THE  FUTURE. 

T>C  SIMULATED  ANO  ANALYTIC  FAMILY  CF  CSKYES  DESCRIBING  THE  PER  UNIT 
LENGTH  MKROSTR1P-TO"  GROUND  CAPACITANCE  MAY  BE  USED  TO  INFER  THE 
CAPACITANCE  OF  MICROSTRtP  STRUCTURES  THAT  HAVE  CROSS  SECTIONAL 
GEOMETRIES  OUT  OF  THE  SBAJLATED  PARAMETRIC  RANGE.  THIS  IS  ALLOWABLE  If 
THE  CCOMETRIC  RATIOS  OF  H.W.T.X.  AND  «.  IN  THE  MICROSTRIP  CONSIDERED  ARE 
IDENTICAL  TO  THE  RELATIVE  RATIO  OF  THESE  PARAMETERS  IN  A  GIVEN 
SIMULATION.  IP  THIS- CONDITION  IS  MET.  THE  PER  UNIT  LENGTH  CAPACITANCE 
OF  THE  STRUCTURE  CONSIDERED  IS  IDENTICAL  TO  THAT  IDENTIFIED  IN  THE 
SIMULATED  CHARACTERISTIC  CURVE  OF  EQUAL  GEOMETRIC  RATIOS  AND  IDENTICAL 
PERMITTIVITY. 

THE  FUNDAMENTAL  REASON  THE  ABOVE  INFERENCE  IS  POSSIBLE  STEMS  FROM 
THE  FACT  THAT  CAPACITANCE  IN  ALL  CANONICAL  CASES  IS  A  FUNCTION  OF  TIC 
RATIO  OF  THE  GEOMETRIC  PARAMETERS  AND  PERMITTIVITY  (PERMITTIVITY  HOT  A 
FUNCTION  OF  FIELD  STRENGTH)  ALONE. 
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CONCLUSIONS 

In  the  preceixnc  sections  the  mkrostrip-to-ground  capacitance  was 

CHARACTERIZED  AS  A  FUNCTION  OF  CROSS  SECTIONAL  GEOMETRY.  MICROSTRIP'S 
SEPARATION  DISTANCE  FROM  THE  DIELECTRIC'S  EDGE  AM)  RELATIVE  PERMITTIVITY 

<cr).  An  analytic  formulation  of  thb  capacitance  was  developed  and 

FOUND  TO  BE  IN  COOO  OVERALL  AGREEMENT  WITH  THE  SIMULATED  VALUES.  THE 
CAPACITIVE  CHARACTERISE)  CURVES  WERE  ALSO  SHOWN  TO  BE  USEFUL  N 
DETERMINING  PER  UNT  LENGTH  CAPACITANCE  FOR  MICROSTRIP  GEOMETRIES 
OUTStOE  THE  RANGE  CONSCEREO  PRCVTOtC  THAT  TIC  GEOMETRIC  RATIOS  OF  THE 
STRUCTURE  CONSIDERED  ARE  EQUAL  TO  THAT  OF  THE  CHARACTERISTIC  CURVE 
CONSIDERED  AM)  THE  RELATIVE  PERMITTIVITCS  DENI  ICAL. 
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FIG.  2-a 

NOfiMAUZED  VECTOR  ELECTRIC  FIELD  INTENSITY  MAPPINC  FOR 
W  ■  10  MLS.  H  ■  10  MILS,  T  *  0.7  MILS,  X  -  :i2  mm. 


272 


FIELD 


Vs!  0 


. h 

j. 721  Zlv:zjy.zza -jj: 


■  ■  t  j 

[IVs 

11  l  \  ' 

■  *  /  M 

inn 

*  |  /  /  j 

i  i  i  i  * 
rmpT 

i 
i 

. I  ■■  ~  I  ■  l - r* — - 

2.37  2,62  2.87 

X  mefers  x  10" 

FIG.  2-b 
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MICROSTRIP  CAPACITANCE 

h  *  10  mils,  w  ■  10  mils,  I  *  0.7  mils 


millimelers 
FIG.  4-a 


SiMXATtD  CAPACITANCE  VS.  MICROSW  OISTANCE  FROM  EDGE  (X). 
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MICROSTRIP  CAPACITANCE 

h  *  20  mils,  w  »  10  mils,  I  »  0.7  mils 


FIG.  4-b 

Simulated  capacitance:  vs.  microstrip  distance:  from  edge  (X). 
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FIG.  6-a 

Capacitance  vs.  microstrip  distance  from  edce  (X)  predicted 
BV  FORMICATION  (EQUATION  8). 

W  “  10  ^  H  “  10  MILS,  T  ■  .7  MILS,  er  «  1  -  5. 
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MICROSTRIP  CAPACITANCE 


millimeters 


FIG.  6-b 

Comparison  op  simllated  vs.  formulated  (equation  8) 
MICROSTRIP  CAPACITANCE  FOR  W  =  IQ  MILS.  H  =  10  MILS. 
T  =  0.7  MILS,  cf  VARIED  FROM  1  -  3 


ATMOSPHERIC  ATTENUATION  OF  SYNTHETIC 
APERTURE  RADARS  AND  REAL  RADARS 


Robert  H.  Au 
Astronautics  Division 
Lockheed  Missiles  nnd  Space  Co.,  Inc. 

Sunnyvale,  California,  94089 

1.  INTRODUCTION 

A  comparison  of  the  atmospheric  attenuation  botuoon  a 
Synthetic  Aperture  Radar  (SAR)  nnd  a  real  radar  operating  in  an 
air-to-ground  mode  at  50,  22  and  10  Ghz  has  been  made.  The 
atmosphere  is  clear  air  and  fog.  Expressions  for  the 
atmospheric  attenuation  factor  of  two-way  propagation  for  clear 
air  and  for  the  combined  clear  air  and  fog  are  given. 

The  comparison  shows  that  the  attenuation  depends  on  the 
angle  between  the  local  horizontal  and  the  radar  lino  of  sight 
and  the  radar  frequency.  Tho  attenuation  at  55  Ghr.  Is 
significant  and  at  10  Ghz  comparatively  small.  The  attenuation 
at  low  incident  angles  are  significantly  higher  than  looking 
vertically  downward  because  of  the  longer  slant  rangos  in  tho 
fog  region.  The  fog  was  assumed  to  extend  from  sea  level  to  an 
altitude  of  2  km  with  clear  air?  up  to  50  km  altitude.  Tho 
calculations  were  performed  using  Lotus  123  and  tho  Personal 
Computer  (Reference  1). 

2.  ATMOSPHERIC  ATTENUATION  AND  COEFFICIENTS 

The  expressions  for  the  atmospheric  attenuation  factor  and 
coefficients  were  obtained  for  the  geometry  shown  in  Figure  1. 
The  air-borne  SAR  or  real  radar  looks  downward  at  a  depression 
angle,  D,  with  the  slant  range  R  and  propagates  the  signal 
through  clear  air  and  fog.  The  attenuation  of  the 
electromagnetic  energy  due  to  absorption  by  primarily  tho 
oxygen  and  the  water  vapor  can  be  modelled  using  the  data  shown 
in  Figure  2,  (Reference  2).  T;h&  data  show  the  variation  for 
winter  and  summer  and  the  trend  reversal  at  22  and  32.5  GHz 
which  is  attributed  to  the  water  resonance  lino  at  22.3  GH2. 
Since  the  absorption  depends  on  the  air  constituents  and  tho 
constituents  vary  with  altitude,  better  estimates  for 
absorption  as  a  function  of  radar  operating  altitude  can  be 
made.  The  coefficients  used  in  this  analysis  wore  obtained 
from  Figure  2. 

The  atmospheric  attenuation  factor  for  two-way  propagation 
is  given  by  (Reference  3): 

F  =  «  -•4605/a(R)<jR  (1) 
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whore  tho  one  way  attenuation  coefficient  is 


(2) 


a  *  *  “(•♦») 


and  tho  slant  range  R, 

K  •»  h/sin  D  (3) 

The  integration  yields  the  following  atmospheric 
attenuation  factor  for  clear  air  attenuation: 


(4) 


The  atmospheric  attenuation  factor  for  fog  is  given  by: 

p  x  *  -.4605  a  h./sinD 
fog  /  I 


and  the  atmospheric  attenuation  factor  for  both  clear  air  and 
the  fog  is  given  by: 


F  ■  F  F» 

»  ca  rf og 


or 


F#  „  .  -.4605  ./3b  (i-.-bh/alnOj  x 


-.4605  a  h  /sinD 

/  / 


(5) 


The  coefficients  a  and  b  are  obtained  by  the  linear 
estimate  of  the  absorption  curves  for  10,  22  and  50  GHz 

contained  in  Figure  2.  The  higher  absorption  value  of  the 
winter  and  summer  was  used  in  the  curve  fitting  of  a  tho 
intercept  and  b,  the  slopo  of  the  line.  The  one  way 
attenuation  coefficient  can  be  written  as  the  functional 
relationship  shown  in  Equation  2.  This  form  allows  one  to 
determine  the  values  of  a  and  b  because  when  h,  the  altitude  is 
zero,  then  a  is  1.4  x  10A-2  db/kra  and  the  coefficient  a, 
becomes  4.268  for  the  case  of  10  GHz.  Similarly,  when  h  is 
40.6  km,  a  is  10A -6  and  one  can  solve  for  tho  second 
coefficient,  b  which  is  0.2352.  Then  the  form  for  the  10  GHz 
case  becomes: 


a  _  #  -4.268  ♦  .2352h 


<*) 
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The  coefficients  a  and  b  for  the  22  and  50  Gils  cases  are  1.05 
and  .511  (coefficients  a),  and  .002  and  .188  (coefficients  b) 
respectively. 

The  atmospheric  factors  and  coefficients  described  above 
apply  to  both  the  SAP  and  the  roal  radar. 

3.  COMPARISON  OF  THE  SAR  AND  REAL  RADAR 


The  comparison  of  the  atmospheric  attenuation  for  the  SAR 
and  the  real  radar  can  bo  made  because  of  tho  difference 
between  the  exponents  in  tho  rango  equation:  the  roal  radar  is 
written  to  tho  fourth  power  while  the  SAR  is  to  the  third 
power. 

The  expression  for  calculating  tho  reduction  of  the  SAR 
detection  range  is  based  on  the  equality  of  the  signal  to  noise 
for  free  space  with  the  signal  to  noiso  for  tho  attenuation 
through  weather.  The  SAR  or  the  real  radar  looking  downward 
from  an  altitude  towards  tho  earth  will  propagate  its  signal 
through  tho  atmosphere  and  will  be  attenuated  by  an  amount 
depending  on  the  frequency  of  the  radars.  Tho  equations  for 
assessing  the  attenuation  are  written  in  terms  of  tho  third  and 
fourth  power  of  tho  freespace  range,  Rfs  and  tho  attenuated 
range,  Ra: 


Roal  Radar 


(8) 


These  expressions  have  bo jn  written  on  Lotus  123  and  have 
been  solved  assuming  a  flat  earth.  The  use  of  a  spreadsheet 
software  requires  no  programming  knowledge  and  is  convenient  to 
the  user  with  a  personal  computer.  The  technique  used  for 
solving  Equations  (7)  and  (8)  is  very  similar  to  the  numerical 
hand-solutions  of  the  past  using  accounting  paper,  a  set  of 
trigonometry,  natural  and  common  logarithm  tables,  pencils  and 
a  hand-cranked  or  electric  calculator.  This  capability  is 
contained  in  a  half  ounce  diskette  using  the  power  and  speed  of 
the  personal  computer.  A,n  example  of  the  expression  for  the 
SAR  free  space  range  written  for  Lotus  123  is, 

8EXP(  (3*8LN($A14)+0.4605*8EXP(-J$11)/ 

J$12*  (1-8  EXP  (-J$  12*5  A14))+0. 4605*  $F§9*$B14)/3)  (9) 
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The  corresponding  term  for  the  real  radar  would  have  the  some 
fora  and  terms  with  the  exception  that  the  exponent  in  the 
range  equation  is  changed  from  3  to  4. 

4.  RESULTS  Or  THE  COMPARISON 

The  results  of  the  calculations  are  shown  on  Tables  1  and 
2  and  Figures  3,  4,  and  5.  The  Equation  (9)  is  the  solution 
written  in  the  Lotus  123  "language"  and  are  contained  in  each 
of  the  cell  or  entry  under  the  free  space  range  of  Tables  1 
and  2.  The  columns  to  the  right  and  left  represent  the 
altitude,  slant  range  and  angle  conditions  which  each  cell  must 
use.  The  6  symbol  calls  the  specific  mathematical  function 
such  as  the  natural  lograrithm,  LN.  The  mixed  coll  address, 
$A14,  represents  that  value  in  the  call  contained  in  the  A 
column  and  14th  row.  The  $  symbol  fixes  tho  Ath  column  and 
varies  the  row  values  over  a  range  of  altitude.  The  mixad 
address  cell  $A14  represents  the  altitude  of  the  radar  which  is 
used  in  computing  one  of  the  cells  for  computing  tho  free  space 
range.  The  mixed  address  J$ll  represents  the  values  for  the 
coefficient  a,  and  fixes  the  11th  row  and  varies  across  tho 
columns  J,  K  and  L  at  the  computation  cello. 

The  results  show  that  the  atmospheric  attenuation  for  tho 
Synthetic  Aperture  Radar  is  greater  than  the  real  radar.Tho 
Figures  3,  4,  and  5  show  the  ratio  of  the  attenuated  to  the 
free  space  range  and  a  function  of  the  depression  angle  of  90, 
30,  and  20.  The  values  represent  the  two-way  attenuation  of 
the  signal.  The  attenuation  in  general  decreases  with 
increasing  depression  angle,  D.  The  reason  is  that  as  tho 
depression  angle  decreases,  the  slant  range  in  tho  fog  region 
increases  which  increases  the  total  attenuation. 

The  SAR  has  the  advantage  of  decreased  power  requirements 
over  the  real  radar  since  power  for  the  SAR  is  proportional  to 
the  cube  of  the  range.  One  must  recognize  that  this  advantage 
comes  from  the  efficient  integration  of  the  signals  returned 
from  the  ground  which  are  coherently  added  to  effectively  have 
a  zero  integration  loss.  The  range  is  introduced  when  one 
considers  the  number  of  pulses  to  be  integrated  which  is  the 
product  of  the  radar  PRF  and  the  time  to  fly  a  SAR.  This  range 
cancels  out  one  of  the  range  factors  in  the  equation. 

5.  CONCLUSIONS 

The  results  of  the  calculations  show  that  the  atmospheric 
attenuation  of  the  SAR  operating  at  3  0  GHz  is  small  compared 
with  the  values  at  22  and  50  GHz.  In  addition,  the  atmospheric 
attenuation  of  the  SAR  is  greater  than  the  real  radar. 
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Figure  1.  Rader  Geonotry 
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ABSORPTION  {decibels  per  kilometer) 


HEIGHT  ABOVE  THF  SURFACE  {thousands  of  feet) 
Figure  2.  Atmospheric  Absorption  (Washington  D.  c.) 
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Table  1.  Attenuation  Calculations  for  a  Real  Radar 


FREE  SPACE  RANGE  ATTENUATED  RN 


ALTITUDE 

h, radar  h 
kn 

Att  Coof 

-  f  -GHz 

,  fog  a  » 

km  b  ■ 

1.62 

50 

0.511 

0.188 

0.54 

22 

1.050 

0.402 

0.11 

10 

4.268 

0.235 

SLANT 

Rc 

km 

RANGE 

Rfog 

km 

0.10 

0.10 

0.1 

0.1 

0.1 

0.1 

0.1 

1.00 

1.00 

1.3 

1.1 

1.0 

1.0 

1 

2.00 

2.00 

3.3 

2.4 

2.1 

2.0 

2 

6.00 

11.2 

7.4 

6.2 

6.0 

2 

S.0O 

(90  degrees) 

15.5 

10,0 

8.3 

C.O 

2 

10.00 

19.8 

12.5 

10.3 

10.0 

2 

15.00 

30.8 

18.8 

15.5 

15.0 

2 

20.00 

41.6 

25.0 

20.7 

20.0 

2 

25.00 

52.2 

31.3 

25.8 

25.0 

2 

30.00 

62.8 

37.6 

31.0 

30.0 

2 

40.00 

83.9 

50.1 

41.3 

40.0 

2 

50.00 

104.8 

62.6 

51.6 

50.0 

2 

0.10 

0.10 

0.2 

0.2 

0.2 

0.2 

0.2 

1.00 

1.00 

3.3 

2.4 

2.1 

2.0 

2.0 

2.00 

2.00 

10.2 

5.6 

4.2 

4.0 

4.0 

6.00 

35.2 

17.0 

12.7 

12.0 

4.0 

8.00 

(30  degrees) 

47.8 

22.7 

16.9 

16.0 

4.0 

10.00 

60.4 

28.3 

21.2 

20>0 

4.0 

15.00 

91.2 

42.5 

31.8 

30.0 

4.0 

20.00 

121.8 

56.7 

42.4 

40.0 

4.0 

25.00 

152.2 

70.9 

53.0 

50.0 

4.0 

30.00 

182.7 

85.0 

63.6 

60.0 

4.0 

40.00 

243.6 

113.4 

84.7 

80.0 

4.0 

50.00 

304.5 

141.7 

105.9 

100.0 

4.0 

0.10 

0.10 

0.3 

0.3 

0.3 

0.3 

0.3 

1.00 

1.00 

5.9 

3.8 

3.0 

2.9 

2.9 

2.00 

2.00 

22.2 

9.2 

6.3 

5.8 

5.8 

6.00 

74.4 

27.9 

19.0 

17.5 

5.8 

8,00 

(20  degrees) 

100.1 

37.2 

25.4 

23.4 

5.8 

10.00 

125.5 

46.5 

31.7 

29.2 

5.8 

15.00 

188.4 

69.7 

47.6 

43.9 

5.8 

20.00 

251.3 

93.0 

63.4 

58.5 

5.8 

25.00 

314.1 

116.2 

79.3 

73.1 

5.8 

30.00 

376.9 

139.5 

95.1 

87.7 

5.8 

40.00 

502.6 

186.0 

126.8 

117.0 

5.8 

50.00 

628.2 

232.4 

158.5 

146.2 

5.8 

288 


Table  2.  Attenuation  Calculations  Cor  a  SAR 


ALTITUDE  Att  CoeC 

-  £  -C-Hk 

h, radar  h,Cog  n  ■ 

kn  k»  b  •* 

FREE 

1.62 

50 

0.511 

0.188 

SPACE  RANGE 

0.54  0.11 

22  10 
1.050  4.268 

0.402  0.235 

ATTENUATED  RN 
SLANT  RANGE 

Rc  Rfog 

taa  kn 

0.10 

0.10 

0.1 

0.1 

0.1 

0.1 

0.1 

1.00 

1.00 

1.4 

1.1 

1.0 

1.0 

1 

2. CO 

2.00 

3.8 

2.5 

2.1 

2.0 

2 

6.00 

13.7 

8.0 

6.2 

6.0 

2 

8.00 

(90  degrees) 

19.3 

10.7 

8.3 

8.0 

2 

10.00 

24.9 

13.5 

10.4 

10.0 

2 

15.00 

39.1 

20.2 

15.7 

15.0 

2 

20.00 

53.1 

27.0 

20.9 

20.0 

2 

25.00 

66.3 

33.7 

26.1 

25.0 

2 

30.00 

80.4 

40.5 

31.3 

30.0 

2 

40.00 

107.3 

54.0 

41.8 

40.C 

2 

50.00 

134.2 

67.5 

52.2 

50.0 

2 

0.10 

0.10 

0.2 

0.2 

0.2 

0.2 

0.2 

1.00 

1.00 

3.8 

2.5 

2.1 

2.0 

2.0 

2.00 

2.00 

14.0 

6.2 

4.3 

4.0 

4.0 

6.00 

50.3 

19.1 

12.9 

12.0 

4.0 

8.00 

(30  degrees) 

68.9 

25.5 

17.3 

16.0 

4.0 

10.00 

87.3 

31.8 

21.6 

20.0 

4.0 

15.00 

132.2 

47.8 

32.4 

30.0 

4.0 

20.00 

176.5 

63.7 

43.2 

40.0 

4.0 

25.00 

220.6 

79.6 

54.0 

50.0 

4.0 

30.00 

264.8 

95.5 

64.8 

60.0 

4.0 

40.00 

353.0 

127.4 

86.4 

80.0 

4.0 

50.00 

441.3 

159.2 

108.0 

100.0 

4.0 

0.10 

0.10 

0.3 

0.3 

0.3 

0.3 

'0.3 

1.00 

1.00 

7.4 

4.1 

3.1 

2.9 

2.9 

2.00 

2.00 

34.7 

10.7 

6.5 

5.8 

5.8 

6.00 

120.4 

32.6 

19.5 

17.5 

5.8 

8.00 

(20  degrees) 

162.4 

43.4 

26.1 

23.4 

5.8 

10.00 

203.9 

54.3 

32.6 

29.2 

5.8 

15.00 

306.4 

81.4 

48.9 

43.9 

5.8 

20.00 

408.5 

108.5 

65.1 

58.5 

5.8 

25.00 

510.7 

135.7 

81.4 

73.1 

5.8 

30.00 

612.8 

162.8 

97.7 

87.7 

5.8 

40.00 

817.0 

217.0 

130.3 

117.0 

5.8 

50.00 

1021.3 

271.3 

162.8 

146.2 

5.8 
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THE  DUAL  MOOS  LOG  PERIOOIC  DIPOLE  ANTENNA* 


Eduardo  H.  Villaseca  and  Hark  Wheeler 
P.0.  BOX  3310,  Bldg.  600/BI35 

Hughes  Aircraft  Company,  Ground  Systems  Group,  Fullerton,  CA  92634 


Abstract  “  A  novel  variation  of  the  log  pe/iodic  antenna  Is  presented.  This  new 
design  caploys  a  dual  feed  scheme  that  can  produce  dipole  sum  and  difference 
patterns  depending  on  the  aethod  of  excitation.  The  input  lapedance  and  radiation 
characteristics  still  aaintain  a  broadband  response  that  is  characteristic  of  the 
conventional  log  periodic  antenna.  The  perforaance  of  the  design  was  deterained 
using  the  NEC3  method  of  aoaents  computer  code. 

Introduction 

The  dual  aode  log  periodic  dipole  antenna  was  designed  as  part  of  aRF  mobile  antenna 
project.  The  project  required  that  an  antenna  be  designed  that  could  determine  the 
direction  of  the  source  of  any  incident  radio  transmission.  This  antenna  type  is 
commonly  known  as  a  direction  finding  or  DF  antenna.  In  addition,  it  was  required 
that  the  antenna  produce  a  directional  pattern  when  used  as  a  transmitter.  The 
antenna  was  to  operate  over  a  7.5:1  frequency  band  that  was  contained  in  the  HF  and 
VIIF  regions  of  the  spectrum.  Conventionally,  two  separate  antennas  are  used  to 
comprise  a  OF  system.  The  dual  mode  LPO  design  would  enable  direction  finding  to  be 
implemented  using  one  antenna  structure.  As  a  result  the  DF  systea  would  be 
lighter,  easier  to  deploy,  and  more  cost  efficient;  while  still  retaining  the 
desired  radiation  characteristics. 

Theory  and  Design  Description 

The  radiation  response  of  the  dual  mode  log  periodic  dipole  is  an  extension  of  the 
response  produced  when  a  single  dipole  is  excited  by  two  separate  feeds.  The  two 
feeds  are  placed  equidistant  from  the  ends  of  the  element  and  from  each  other.  In 
other  words  one  feed  is  located  atL/3  and  the  second  feed  is  located  at  2173,  where  L 
is  the  length  of  the  dipole.  If  both  feeds  are  fed  in  phase  the  dipole  will  resonate 
at  L«  a/2  and  produce  a  current  distribution  characteristic  of  the  common  center  fed 
a/2  dipole.  However,  if  both  feeds  are  fed  180*  out  of  phase  with  each  other  the 
dipole  will  resonate  at  L  -  A  and  produce  a  current  distribution  characteristic  of  a 
center  fedA  dipole.  These  characteristic  currentdistributions  will  produce  asua 
pattern  for  the  in  phase  case  and  a  difference  pattern  for  the  out  of  phase  case.  In 
addition,  the  input  Impedance  match  isless  than  2: 1  (referenced  to  50  ohms)  forboth 
feed  configurations. 

A  log  periodic  dipole  configuration  was  the  logical  choice  for  expanding  the  single 
element  dual  mode  concept  into  a  broadband  antenna  design.  The  log  periodic 
structure  was  Introduced  by  DuHaniel  and  Isbell  and  its  theory  and  design  are  well 
documented  in  the  open  literature  [l]-[3].  The  basic  log  periodic  dipole 
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array  design  consists  or  in  array  of  parallel  wire  dipoles  of  successively 
Increasing  lengths  extending  outward  from  the  feed  point  at  the  apex.  The  array  Is 
fed  In  series  at  the  center  of  each  element.  The  geometrical  dimensions  of  the 
design  Increase  logarlthmetlcally  and  ire  defined  by  the  Inverse  of  theg^pmetrlc 
ratio  r.  That  Is, 


Rn*l  dnH  °n+l  °Kfl 

X — T — r — D~ 

n  n  n  n 


(1) 


! 


where:  l  »  element  length 

R  «  distance,  along  the  array,  of  the  element  from  the  apex 
d  «  spacing  between  elements 
0  *  diameter  of  elements 
n  -  n'th  element 

In  addition  to  r,  there  are  two  other  Important  design  parameters;  the  spacing 
factor  <*  and  the  apex  angle  a.  The  spacing  factor  Is  defined  as 


c  * 


dn 


(2) 


From  equation  (2)  the  apex  angle  can  be  found  and  expressed  as 


&  »  2  tan*1 


(3) 


Also,  It  should  be  noted  that  the  standard  log  periodic  design  calls  for  a 
crisscrossing  or  transposing  of  the  feed  lines  between  adjacent  elements.  This 
180*  phase  shift  between  elements  produces  a  phase  progression  that  allows  the 
energy  to  be  directed  endfire  In  the  direction  of  the  shorter  elements.  The  dual 
mode  design  deviates  from  the  standard  design  by  having  two  separate  feed  points  and 
two  independent  sets  of  crisscrossing  transmission  lines. 

Mostly,  the  design  parameters  for  this  specific  dual  mode  log  periodic  design  were 
chosen  as  a  response  to  the  severe  antenna  size  limitations  required  for  the 
system's  application.  As  a  result  a  variable  r  design  was  implemented  [4]. 
Initial  design  parameters  were  chosen  to  be  r  ■  0.87,  a  -0.06,  and  a  -  56.9*.  The 
design  consisted  of  20  elements  with  the  three  longest  elements  mechanically 
shortened  and  inductively  loaded.  In  an  effort  to  ■squeeze"  one  more  low  frequency 
element  in  the  same  fixed  array  length,  a  second  increased  r  of  0.97  was  chosen  for 
the  seven  longest  elements.  This  increased  r  applied  only  to  the  element  spacing 
and  not  the  length.  This  allowed  the  effective  a  angle  to  remain  constant.  Thus, 
the  final  design  consisted  of  21  elements  with  the  four  electrically  longest 
elements  shortened  and  Inductively  loaded  (see  Figure  1).  In  addition,  the  lowest 
frequency  element  had  to  be  loaded  resistively  for  impedance  matching  purposes;  ata 
cost  to  low  frequency  difference  mode  gain. 


i 

1 


} 
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Performance  Characteristics 


The  NEC3  computer  code  was  used  to  predict  the  performance  characteristics  of  the 
dual  mode  design.  The  configuration  was  modeled  in  free  space  with  a  vertical 
polarization.  Figure  2  shows  a  typical  mldband  E-plane  sum  pattern.  The  maximum 
gain,  at  boreslght,  Is  6.1  dBI.  The  pattern  has  a  3-dB  beamwidth  of  70.0*  and  a 
front-to-back  ratio  of  20.4  dB.  The  corresponding  H-plane  pattern  Is  shown  in 
Figure  3,  This  pattern  has  a  3-dB  beamwldthof  132.0*.  Flgure4  shows  a  typical  E- 
plane  difference  pattern.  The  maximum  gain  is  5.49  dBI  located  at  33.0*  off 
boreslght.  All  patterns  are  power  patterns  calibrated  In  dBI. 

The  sum  mode  VSWR  and  gain  over  the  entire  band  are  shown  In  Figure  5.  The  VSWR  Is 
less  than  2.0:1  over  the  entire  band  and  a  gain  of  6.0  dBI  or  higher  Is  typical  over 
most  of  the  band.  Figure  6  shows  the  difference  pattern  VSWR  and  gain.  Again,  VSWR 
Is  less  than  2.0:1  except  at  the  very  low  end  of  the  frequency  band.  Gain  over  the 
upper  half  of  the  band  Is  6.0  dBI  or  greater.  However,  the  gain  drops  off  sharply  at 
the  low  end  due  to  the  resistive  loading  of  the  back  element.  The  resistive  loading 
was  necessary  only  because  of  the  antenna  size  limitations  required  for  this 
particular  project.  In  general,  the  gain  at  the  low  end  of  the  band  for  anon-loaded 
array  will  be  similar  to  high  end  gain  values. 

Conclusion 

A  new  variation  of  the  log-periodic  antonna  has  been  designed  and  the  Impedance  and 
radiation  characteristics  Investigated.  It  has  been  shown  that  this  new  design  can 
produce  sum  and  difference  patterns  over  a  broad  band  while  maintaining  a  low  Input 
impedance.  An  antenna  of  this  type  has  direct  application  in  any  DF  system  that 
operates  in  the  HF,  VHF,  or  UHF  regions  of  the  spectrum.  Further  investigations 
into  the  effects  of  feed  placement  along  an  element  are  recommended. 
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Fig.  3.  H-plane  sun  pattern. 


Fig.  4.  E-plane  difference  pattern. 
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ABSTRACT 

A  methodology  is  proposed  and  implemented  to  solve  for  scattering  from 
arbitrary  objects  over  a  grrmnd  plane,  cavities  in  a  ground  plane,  half  planes,  and 
conducting  wedges  using  the  computational  fluid  dynamic  (CFD)-bascd  finite  volume 
scheme  for  solving  Maxwell's  equations .  The  computational  domain  used  in  these 
problems  is  a  finite  portion  of  the  infinite  domain  of  the  problem  with  appropriate  outer 
boundary  conditions  to  simulate  this  infinite  domain.  For  the  problems  involving  an 
infinite  ground  plane,  the  "diffracted  field"  formulation  has  been  adopted  so  that,  where 
advantageous,  a  non-rectsngular  grid  can  be  used.  In  other  cases  the  "scattered  field" 
formulation  has  been  used.  Both  the  near  and  far  field  quantities  for  some  canonical 
geometries  are  studied  and  compared  to  the  exact  or  other  known  solutions. 


INTRODUCTION 

In  spite  of  major  advances  in  mimcrical  solution  of  partial  differential  equations 
in  the  last  two  decades  and  exploitation  of  them  in  computational  fluid  dynamics  for 
solving  Euler  and  Navicr-Stokcs  equations,  the  clectromagncuc  community  at  large  has 
been  ignorant  about  the  partial  differential  equation  (PDE)  approach  for  solving 
Maxwell's  equations.  As  examples  of  some  exceptions  in  this  area,  the  readers  are 
referred  to  the  works  reported  in  (11  and  (2).  More  recently,  however,  efforts  to  take 
advantage  of  the  proven  CFD  techniques  have  led  to  the  formulation  of  a  very 
comprehensive  numerical  technique  for  sotving  electromagnetic  scattering  and  radiation 
problems  involving  complex  objects  (3M5).  This  technique  has  been  successfully 
applied  to  a  diverse  range  of  problems  involving  electrically  large  scattcrers, 
inhomogeneous  and  layered  dielectrics,  cavities,  and  frequency-dependent  materials  to 
name  just  a  few.  Some  of  the  results  are  reported  in  (6],  (7). 

It  should  be  mentioned  that  both  (2)  and  the  CFD-based  approach  arc  explicit 
time-domain  techniques.  However,  while  (2J  is  based  on  Yce's  algorithm  [8]  the 
present  method  is  based  on  the  Riemann  integration  method  (9]  and  recent  advances  in 
numerical  solution  of  PDEs  in  CFD.  Unlike  (2],  the  CFD-based  technique  uses 
body-fitted  coordinates  and  is  not  confined  to  Cartesian  grids.  It  consequently  docs  not 
suffer  from  inaccuracies  Or  inconveniences  in  implementing  the  boundary  condition  on 
the  object.  Also,  Maxwell's  equations  are  solved  for  the  "scattered  field",  i.e.  the 
difference  between  the  field  in  presence  and  in  the  absence  of  the  scatterer,  and  unlike 
[2]  one  does  not  have  to  propagate  the  incident  field  from  the  outer  boundary  (or  from 
some  other  boundary  enclosing  the  scatterer  )to  the  object.  Some  salient  features  of  the 
CFD-based  method  may  be  summarized  as  follows 
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1)  Maxwell's  equations  arc  solved  for  the  scattered  wave  and  the  incident  wave 
fcs  introduced  only  as  a  boundary  condition  on  the  conducting  portions  of  the  object, 
aldcd^  ,hC  pr0pa83,'on  ,hc  'nc^cnl  Wlvc  ihrough  the  computational  grid  is 

problcm$MUlliZ°nC  part'l5on!ns  Panicu!:lr!y  reduces  the  geometrical  complexity  of  the 

.  . .  of  t,lc  clliP^c  grid-solving  techniques  results  In  a  grid  with  a  prescribed 
variable  resolution  in  different  portions  of  the  computational  domain. 

. ...  •*) Application  of  the  characteristic  theory  of  signal  propagation  contributes  to  die 
stability  and  accuracy  of  the  computation. 

5) Utilization  of  the  Lax*Wcmlroff  explicit  scheme  provides  second-order 
accuracy  in  both  space  and  time.. 

6) J;ast  Fourier  transfonus  (FFO  generate  the  frequency-domain  quantities  over 
a  range  of  frequencies  from  their  time-domain  counterparts,  which  are  obtained  in  a 
single  computation. 

In  this  paper  after  a  brief  review  of  the  CFD-based  approach  for  solving 
Maxwell  s  equations,  the  cases  Involving  infinite  ground  planes  and  half  planes  will  be 
elaborated.  Throughout  the  text,  boldface  letters  represent  vectors  and  small  letters 
bearing  a  caret  represent  unit  vectors. 


DESCRIPTION  OF  FORMULATION 


a)  Scattered  and  Diffracted  Field  Formulations 

Maxwell's  equations  in  an  Inhomogeneous  medium  with  constitutive  parameters 
o,  p,  and  c  may  be  presented  as  follows 


VxEc-a-iu.-^Hl, 

Vx»a  ^  +  aE+I((e-tk))E]. 


D  «  c0  E  and  B  ■  p0  II  arc  respectively,  electric  displacement  and  magnetic  flux 
density.  All  the  vector  Quantities  in  (1)  are  total  fields  in  free  space,  while  the 
tnhomogemty  of  the  medium  is  presented  as  conduction  and  polarization  sources. 
However,  it  is  more  logical  to  formulate  the  problem  in  terms  of  the  scattered  field  ( Lc. 
the  difference  between  the  field  in  presence  and  absence  of  the  scattered )  since  the 
Incident  field  satisfies  Maxwell's  equations  in  free  space  and  moreover,  is  analytically 
known  every where.Tbe  equations  for  the  scattered  field  are 
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(2) 


VxE‘  — 

Vxil*B  52-  +  a  ( E’  +  E1  >*•  5L  [  ( c-  r$ )  (  E*  +  E1 )  1. 

«t  ol 

Then,  ihc  boundary  condition  for  the  scattered  Held  on  the  surface  of  a  perfect 
conductor  becomes 


n  x  E‘  b  -  ti  x  E' 


In  ptoblems  involving  an  infinite  ground  plane,  since  the  specular  reflection 
from  the  ground  plane  is  known  it  !$  possible  and  advantageous  to  solve  Maxwell's 
equations  for  the  diffracted  wave.I.c.  scattered  minus  specular  reflection  from  the 
ground  plane 


^  +  o(Ed+Er+E,)+^t(c-Co)(Ei+Er  +  E1)). 


(3) 


Also  the  boundary  condition  for  the  diffracted  field  on  a  perfectly  conducting  surface  is 
n  x  Ed  a  -  n  x(E{+  Er) 

For  the  outer  boundary  of  the  computational  domain  a  first  order  Sommcrfcld-typc 
condition  is  used.  This  will  be  discussed  later  on. 


b)  Conservation  Form  of  Maxell's  Equations 


Attention  will  be  confined  to  the  2-D  formulation  of  the  problem  here.  Also, 
the  scattered  field  formulation  will  be  elaborated  only.  The  diffracted  field  formulation 
may  be  treated  in  a  similar  manner.  In  a  cartesian  coordinate  system,  (2)  may  be 
represented  as  follows 


3Q  +  3R  +  3S 
3t  3x  3y 


J«q* 


(■») 
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involves  an  Infinite  plane,  a  half  plane,  or  a  wedge,  only  a  finite  ponion  of  the  structure 
will  lie  in  the  computational  domain.  However,  with  proper  boundary  conditions  on 
the  oute?  boundary,  the  true  geometry  can  be  simulated.  This  will  be  discussed  further 
in  conjunction  with  the  outer  boundary  conditions.  Fie.  1  shows  a  simple  example, 
namely  a  cylindrical  cavity  in  a  ground  plane,  where  the  whole  space  is  divided  into 
six  zones.  However,  the  method  is  quite  flexible  and  the  same  geometry  may  be 
•anitioned  in  many  other  ways.  I:ig.2  illustrates  a  4-zonc  rectangular  grid  for  a 
.ectangular  cavity  in  a  ground  plane.  In  each  zone  a  local  system  of  griding  is 
sketched. 
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Fig.  /.  A  choke  of griding  for  a  cylindrical  cavity  in  an  infinite  ground  plane 


Fig.  2,  A  choice  of  griding  for  a  rectangular  cavity  in  an  infinite  growui  plane 


202 


P 


I 


For  arbitrary  objects  the  grids  can  be  obtained  from  the  solution  of  the 
following  set  of  elliptic  POE'S  (10): 

(5) 

Q($.n) 


where  subscripts  denote  differentiation.  P  and  Q  arc  prescribed  to  obtain  the  desired 
resolution  in  different  parts  of  each  tone.  This  Is  In  fact  a  transformation  of  the 

coordinate  system  from  Cartesian  ( x,  y)  to  the  body-fitted  ( 5,  tl),  t.c. 


X“X(5,n). 

y°y 


(6) 


Fig.3  schematically  shows  a  body-fitted  grid  in  (  5,  q)  coordinates. 


d)  Maxwell's  Equations  In  ($!()  Space 


The  Maxwell's  equations  are  going  to  be  solved  in  (  5.  tl)  space.  Therefore, 
the  transformation  given  by  (6)  is  applied  to  the  conservation  form  of  these  equations  as 
expressed  in  (4).  In  order  not  to  disturb  the  conservation  form  of  (4),  new  solution 

vector  and  flux  vectors  arc  to  be  introduced.  It  may  be  shown  that  in  ( lj,  tl)  space, 
Maxwell's  equations  may  be  presented  as 


3Q  3R  DS  Jcq 

ar  +  3r+5T  j  ' 

where 


(7) 


Q=Q/J  ;  iU  l  xv-z,xnu,yl,u  j; 
S=^-ji\xvz,x?u,y5u  j; 
l=v^,n=vn;  Jn3($,n)/3(x,y). 


303 


FIr.  3.  Schpuulc  of  a  body-fitted  system 


The  current-like  vector  quantities  ^  X  V  and  q  XV  arc  in  the  z  direction  and  may  be 
regarded  to  be  (lowing  over  the  walls  of  all  computational  cells.  It  should  be  noted  that 
after  the  transformation  from  (x,  y )  to  ( ^,  q ),  the  fields  arc  still  expressed  in  terms  of 
their  Cartesian  components. 

In  each  zone  die  grid  divides  the  object  and  the  surrounding  space  into  a  number 
cells  with  finite  area  (volume  in  3-D  problems).  The  material  property  within  each  cell 
is  assumed  to  remain  homogeneous  and  constant,  but  it  may  vary  from  one  cell  to  the 
other.  Across  the  four  boundaries  of  each  cell  the  tangential  components  of  the  electric 
and  magnetic  fields  must  satisfy  the  appropriate  boundary  condiuons.  These  arc  simply 

n  x(E1-E2)t=0  ;  nx(H,-H2)  =  0 


except  where  a  cell  neighbors  a  perfect  conductor,  in  which  ease  the  only  required 
condition  is  that  n  x  E  =  0. 

According  to  the  characteristic  theory  of  signal  propagation  the  waves  may  be 
resolved  into  left  and  right  traveling  components  along  the  coordinate  directions  b,  and 

q.  This  is  analogous  to  the  waves  traveling  back  and  forth  on  an  unmatched 
transmission  line  [12].  The  characteristic  speeds  for  (7)  may  be  obtained  from  the 
determinants 

Ul-AR|=0  ;  |  XI  -Ag  I  =  0, 
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where  I  is  the  identity  matrix,  Ar»~,  and  Ag**— . 

Whsn  the  right  and  left  running  signal  components  cross  their  corresponding 
chsnctcristic  directions  ( X"  and  X+ )  a  jump  occurs  in  their  value.  For  computation 
since  a  discrete  model  is  used  these  jumps  arc  taken  into  account  at  the  boundary 
between  every  two  cells  in  both  5  and  q  directions.  These  jumps  ( denoted  by  vertical 
bars  around  the  discontinuous  quantities )  are  obtained  from 


-xlQI+IRI-o 

-x|q|  +  |s  |=o 


(8) 


along  ^  andq  directions,  respectively.  Across  the  characteristic  direction  X°,  the 
conditions  to  be  satisfied  are  actually  the  continuity  of  the  tangential  components  of  (he 
electric  and  magnetic  fields.  They  are  as  follows 


qxfv'-v**)^  (9) 

5x(v'-v**)«0 

Star  and  double  star  quantities  are  the  values  of  the  fields  in  each  two  neighboring  cells 
right  across  the  boundaries  between  them  as  shown  in  Fig.  4.  In  this  figure  two 
neighboring  cells  arc  presented.  Solving  (6)  and  making  use  of  (9)  produces  the 
following  expressions 


Fig.  4.  One  dimensional  treatment  for  Interface  flux 


'  .  y tf+|  xv"£+yu*  -  5  x  v*’£ 

U  B - - — - » 

Y+ Y 

^  XV*  a  4  X  v"  -  y(u*-u“)z, 
along  I]  direction,  and 

...  V u“  -fi  X  v“-  z+  y*u+  +  f(  X  v+>  £ 
u  “  -  I  ! 

y  +  y 

T[  X  V*=  f|  X  V"+  y ( U*  -  tT)Z, 


(10) 


on 


along  5  direction.  In  (10)  and  (1 1), Y"  1/Z  for TM-pol,  and  y  ■  Z for TE-pol  where 
Z  a  n'c/ji  is  the  Intrinsic  impedance  of  the  material .  Also  field  quantities  with  plus  nnu 
minus  superscripts  represent  the  fields  at  the  center  of  two  neighboring  cells. 


e)  Boundary  Conditions  tu  the  Outer  Boundary  of  the  Computational  Domain 


Numerical  solution  to  (7)  at  the  center  of  each  eel!  in  the  computational  domain 
requires  knowledge  of  the  field  quantities  on  the  four  walls  of  that  cell.  For  cells 
neighboring  the  outer  boundary  of  the  computational  domain,  this  information  is  not 
available  for  those  walls  residing  on  the  boundary.  Therefore,  in  general  some 
approximate  values  have  to  be  used.  For  scattercrs  of  finite  size,  aj  a  first  order 

approximation  one  may  use  the  Sommericld  boundary  condition.  This  would  result  in 
u  =  0,  V|  =  0,  and  v2  =  0  on  the  outer  boundary.  Higher  order  approximations 
also  have  been  discussed  in  the  literature  (13),  (14).  They  generally  reduce  the  size  of 
the  computational  domain,  and  result  in  less  computational  time  and  storage 
requirement  for  a  given  problem. 

The  value  of  the  field  at  the  boundary  of  the  computational  domain  may  be 
specified  so  that  some  infinite  size  objects  can  be  simulated  in  a  finite  domain.  In  this 

K,  (his  has  been  shown  for  an  infinite  plane,  cavities  in  a  ground  plane  and  the 
.  lane  problem.  It  may  also  be  readily  extended  to  the  wedge. 

The  problem  of  reflection  from  an  infinite  plane  can  serve  as  a  good  tutorial 
example  and  will  be  considered  first.  Fig.  5  shows  an  infinite  conducting  plane 
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reflected  field 


Fig.  5.  Outer  boundary  condition  for  scattering  from  an  infinite  plane 


dividing  the  space  into  two  semi-infinite  regions.  For  this  problem  the  diffracted  Held 
formulation  results  in  a  trivial  solution.  Thus,  the  scattered  field  formulation  will  be 
discussed.  The  solution  to  the  scattered  Held  is,  of  course,  known.  It  is  simply  a 
reflected  field  in  region  1  and  the  negative  of  the  incident  field  in  region  2.  To  simulate 
the  infinite  plane,  the  exact  value  of  the  field  on  the  outer  boundary  of  the  computational 
domain  may  be  used  in  the  computation.  These  arc  u  =  ur,  v,  =  vrj,  and  v2=  vr2 
in  region  1,  and  u  =  -  u*,  Vj  =  -  v'|,  and  v2=  -  v*2  in  region  2. 
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The  problem  of  a  cavity  in  a  ground  plane  may  also  be  solved  with  either  the 
scattered  or  diffracted  field  formulations.  In  the  latter,  the  boundary  condition  will  be 
similar  to  a  finite  body,  i.e.  no  reflection  from  the  outer  computational  boundary.  In 
the  former  case,  however,  in  addition  to  the  scattering  from  the  cavity  a  field  reflected 
from  the  ground  plane  is  also  present  everywhere  in  the  space.  Therefore,  it  is 
necessary  to  include  the  reflected  field  in  the  outer  boundary  condition.  For  the  first 
order  condition  previously  mentioned,  one  would  now  have  u  =  ur,  V|  =  vrj, 
and  v2=  vrj.  Fig.  6  depicts  the  geometry  and  the  boundary  field  values. 


The  half-plane  problem  is  more  delicate.  In  this  case,  the  reflected  field  is  not 
present  in  the  whole  space.  Therefore,  It  has  to  be  determined  where  on  the  outer 
boundary  it  is  present.  Fig.  7  schematically  shows  that  for  for  an  arbitrary  outer 
boundary. 


u  =  ur ,  v(=v(r  ,  v2=  v£  for  scattered  field 
u=v  =v  =0  for  diffracted  field 


Fig,  6.  Outer  boundary  condition  for  the  rectangular  cavity  in  a  ground  plane 
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Fig.  7.  Outer  boundary  contUtlonfor  the  half-plane  problem 


LAX-WENDROFF  UPWIND  NUMERICAL  ALGORITHM 


PDEs  in  (7)  are  now  discretized  and  solved  while  making  use  of  (10)  and  (1 1) 
which  were  derived  cased  on  the  characteristic  theory  of  signal  propagation.  The 
numerical  algorithm  used  here  is  known  as  Lax-Wendroff  upwind  scheme  (15),  and  is 
composed  of  two  parts  called  predicroc  and  corrector  steps.  A  brief  description  of  these 
steps  is  given  in  this  secdon. 

a)  Predictor  Step 

The  predictor  will  be  explained  when  one  of  the  coordinate  variables  in  (4)  is 
constant.  In  the  $  direction  where  ri  remains  constant,  (7)  reduces  to 
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For  simplicity  assume  that  iC(?  =  0.  In  (12)  R  may  be  decomposed  Into  plus  ami 
minus  pontons,  corresponding  to  the  characteristic  combination  of  u  and  v  which 
propagate  toward  increasing  and  decreasing  respectively: 


<>Q 

Dt 


3R*  DR”  n 

+  ‘5r+X!a0‘ 


(13) 


For  computational  purposes,  the  time  and  space  are  discretized  in  (13),  and  the  first 
order  upwind  scheme  Is  applied  to  obtain  the  following  algorithm 

Cip’-ty-^RjV  +dRj‘*i-Rj.I  +  dRj.i)n  (14) 

where  dR+  and  dR"  arc  jumps  in  the  fields  across  the  positive  and  negative 
characteristic  directions,  respectively.  Q,  which  is  computed  numerically  at  the  spatial 
location  j  and  time  lest!  n+ 1 ,  is  accurate  to  the  first  order. 


b)  Corrector  Sup 

The  solution  from  the  previous  Step  can  be  refined  by  accounting  for  second 
order  terms.  The  upwind  scheme  that  docs  this  is  expressed  as  follows 


(15) 

-  S5  <  -  JRj*.  I )" + S5  W*J.  I  -  «j,l )"} 


Here  dR+  and  dR"  are  second  order  correction  terms.  From  this  algorithm  Q  is 
obtained  at  the  time  level  n+1. 


COMPUTATION  OFTHE  FAR  FIELD 


Cncc  Q  is  computed  from  (12),  in  principle  electric  and  magnetic  Held*  everywhere  in 
the  computational  domain  arc  known.  In  practice  the  grid  is  clustered  near  the  object 
and  is  gradually  dcdustcred  away  from  the  object  and  toward  the  fxr-fietd  boundary  of 
the  computational  domain.  This  way  a  very  accurate  value  can  be  obtained  for  the  near 
field.  The  near  field  over  a  path  enclosing  the  object  is  convened  to  the  frequency 
domain  using  a  FFT  algorithm.  The  frcc-spacc  Green's  function  is  then  used  to  obtain 
the  field  everywhere  in  space,  including  the  far  zone.  The  technique  is  a  standard 
practice  in  electromagnetic  theory  and  wilt  not  be  discussed  here. 


NUMERICAL  RESULTS 


Some  numerical  results  for  scattering  by  an  infinite  plane,  a  cavity  in  a  ground  plane, 
and  a  half-plane  will  be  presented  here.  Pig.  8  shows  the  scattered  and  total  field 
contours  for  the  infinite  plane  problem.  These  results  show  excellent  agreement  with 

the  exact  solution.  Fig.  9  shows  diffracted  field  contours  for  a  0.8  A  by  1.2  X 
rectangular  cavity  in  a  ground  plane  and  a  cylindrical  cavity  with  0.5  A  radius  in  a 
ground  plane.  Fig.  10  shows  some  preliminary  results  for  the  RCS  of  the  rectangular 
cavity.  The  far  field,  used  to  compute  the  RCS,  is  obtained  by  excluding  the  surface 
current  on  the  portions  of  the  ground  plane  which  lie  outside  the  computational  domain. 
As  a  result  the  computed  RCS  values  are  to  be  regarded  as  approximations  to  the  exact 
values.  Better  ways  of  computing  the  RCS  arc  currently  being  considered.Ftg.  1 1 
shows  the  scattered  and  total  fields  for  the  half-plane  problem.  Finally,  Fig.  12  shows 

the  Hj.O'E  incidence)  arotfi  the  half  plane  at  a  distance  of  about  A  /40  from  the 
half-plane.  The  agreement  between  lire  numerical  and  the  exact  solutions  appears  to  be 
very  good. 


'lOCdOCe 
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null  neui 


Fig.  8.  Field  contours  for  an  [/finite  plane:  scottered(ltfi),  total  (right) 
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Fis  9.  Diffracted  field  contours  for  a  cavity  In  a  grouml  plane  (a)  rectangular  (b) 
*’  cylindrical. 


Fig.  JO .  RCSfor  a  rectangular  cavity  In  a  ground  plant  (specular  removed) 


Fig.  II.  Contours  of  the  scattered field  (left)  and  total  field  (right)  for  the  half-plane 

problem 


Fig.  12,  Near  field  for  the  half-plane  problem 
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ABSTRACT 

The  Unlforn  Theory  of  Diffraction  has  been  extendod  to  include 
doublo  diffraction  by  an  arbitrary  configuration  of  two  wedges.  The 
resulting  double  diffraction  coefficient  D 2  is  expressed  as  a  sua  of 
two  double  Fresnel  integrals  which  can  be  rapidly  evaluated. 

INTRODUCTION 

The  Gcoaetrical  Theory  of  Diffraction  has  traditionally  been  used 
to  compute  scattering  by  perfectly  conducting  wedges.  CTD^' 3  has 
subsequently  been  improved  in  the  Unlforn  Theory  of  Diffraction^ 
to  reaove  singularities  around  optical  boundaries.  UTD  itself  has 
beer,  extended  in  197R  to  Include  higher  order  terns  of  the  zayaptotic 
expansion  to  allow  for  slope  diffraction  which  is  involved  in 
diffraction  by  thick  edges.  UTD,  howover,  is  not  capable  of  handling 
double  wedgo  diffraction  as  has  been  pointed  out  by  nany  rosoarchors. 
Previous  solutions^  were  not  general,  putting  restrictions  on  the 
geometry  Involved.  In  addition  to  goonotrlcal  generality,  the  new 
double  diffraction  coefficient  D^  is  directly  related  to  the  product 
of  two  single  diffraction  coefficients.  This  greatly  slnplifles 
Inpleaentation  in  existing  computer  codes  and  incorporating  it  into  a 
general  UTD  formulation  combining  direct,  singly  diffracted  and  doubly 
diffracted  rays. 
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FORMULATION 

The  geosetry  or  the  double  wedge  configuration  la  shown  in  Fig.  1, 
The  field  la  Incident  froa  source  0  with  aoft  or  hard  polarisation  on 
the  flrat  edge  and  the  consequently  diffracted  to  reach  observation 
point  P«  Respective  distances  are  denoted  by  p,p\p".  Normal 
Incidence  to  the  edge  {two-dimensional  scattering)  has  been  assumed 
while  for  oblique  Incidence  (three-dleenslonal)  the  distances  need  to 
be  nultlplled  by  alnSo  where  Sq  la  the  angle  of  the  Incident  field 
with  the  first  edge.  The  wedges  are  perfectly  conducting.  The 
exterior  wedge  angles  are  given  by  ns  and  n»,  where  n,n  heed  not  be 
Integers. 

The  conplete  diffraction  coefficient  D2  and  all  variables  needed 
for  a  nuaerlcal  evaluation  havo  been  summarised  In  Table  t  of  [6]. 

All  variables  used  are  defined  In  Table  2  of  C&3.  After  the  uniform 
double  diffraction  coefficient  D2  has  been  computed  froa  Table  1.  the 
doubly  diffracted  electric  field  becomes 

Edd  -  Ei  D2  Add(p,p,,p")e”"^>'*1 

where  Ei  Is  the  Incident  electric  field  at  the  first  edge  and  Ad(j  la 
tho  ray  spreading  factor  for  double  dlffractlonC1}  given  by 

_ for  piano,  cylindrical,  and  conical  wave  Incidence 

/ppV 

—  t  - 

*dd  s  "  p  *  ^ _  for  spherical  wave  Incidence 

/p(p  ♦  p'  •»  p") 

Outside  of  transition  regions,  where  rays  emanate  from  the  diffraotlng 
edge  with  a  cylindrical  phase  front,  the  Uniform  Theory  of  Diffraction 
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provides  correct  answers^.  With  UTO  diffraction  coefficients  Dj  for 
the  first  edge  and  Dj  for  the  second  edge,  the  doubly  diffracted 
electric  field  la  then  given  by 

Edd  -  El  D,  t>2  Add(p.p'.p")e"Jkfl 

Xt  has  beon  sho«nC53iC63  that  outside  of  transition  02  reduces  to  OjDj 
such  that  numerical  evaluations  can  be  speeded  up  significantly. 

The  total  field  scattered  by  the  geoaetrlcal  structure  of  Fig.  1 
Is  generally  deconposed  tnts  different  type  of  rays.  These  are  the 
geoaetrlcal  optics  or  direct  ray,  singly  diffracted  rays  by  the  first 
and  second  edge  and  a  doubly  diffracted  ray.  Mathenatlcally  this  can 
be  fornulated  as 

E(P)  -  E«(P)  *  EdJ<p)  *  Ed2(P)  *  Edd(P) 
vhere  P  is  the  observation  or  flold  point. 

If  rays  can  not  exist  due  to  blockage,  they  don't  contribute  to 
the  total  flold  and  their  corresponding  tern  oust  be  rcaoved  froa  the 
susmtlon.  The  direct  ray  reaching  the  observation  point  EgC P)  Is  to 
be  cooputed  with  a  plane,  cylindrical  or  spherical  spread  while  singly 
diffracted  rays  Ed*,(P)  and  are  computed  using  conventional  UTO. 
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Figure  2.  Geoaotry  ahoulng  perfectly  conducting  knlfe-edgea  at 

heights  Hj  -  50.0  e,  Hj  *  50.0  a  and  a  source  at  height  Ht 
•  50.0  a.  The  apaclnga  are  A  -  8000  a,  B  -  2000  a,  C  - 
•>0000  a. 


o 
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Figure  3.  Graph  corresponding  to  gcosetry  of  Fig.  2  showing  path-loss 
in  dB  noraallzed  to  free  ppace  for  tho  aoft  boundary 
condition  and  variable  receiver  height,  cospared  to  a 
aechanical  application  of  VTD.  The  wavelength,  1,  ia  3*0  a. 
Transition  region  lllusination  of  second  edge  results  in 
large  UTD  error  and  illustrates  ioprovesent  of  new 
solution. 
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Figure  *l.  Ceoaetry  showing  two  perfectly  conducting  knife-edges  at 
heights  Hj  «  50.0  o,  H2  -  J100.0  b  and  a  source  at  height 
Ht  *  50.0  a.  The  spaoings  are  A  »  8000  a,  B  »  2000  a,  C  » 
10000  a.  H2  is  now  coapletely  outside  the  transition 
region. 


Figure  5.  Graph  corresponding  to  geoaetry  of  Fig.  *  showing  path-loss 
In  dB  nornallsed  to  free  space  for  the  soft  boundary 
condition  and  variable  receiver  height)  coopered  to  a 
nechanlcal  application  of  VTD.  The  wavelength,  X,  Is  3.0  a. 
Lowering  second  edge  conpletciy  outside  of  transition 
region  ellninates  WO  error  and  Illustrates  agreeaent  of 
both  solutions  outside  of  transition  regions. 


324 


vor.  He 


w - ■»» . «+« - 

A  B  C 


H - . «+« - 

A  B  C 


Figure  6.  Geosetry  showing  two  perfectly  conducting  wedges  at  heights 
Hj  •  50.0  n,  »2  -  50.0  o  and  a  source  at  height  Ht  -  50.0  a. 
The  spaoings  are  A  *  8000  a,  0  *  2000  a.  C  *  10000  a. 
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Figure  7*  Graph  corresponding  to  geoaetry  of  Fig.  6  showing  path-loss 
In  dB  noraallred  to  free  space  for  the  soft  boundary 
condition  and  variable  receiver  height,  coapared  to  a 
aechanlcal  application  of  UTD.  The  wavelength,  1,  Is  3.0  a. 
Hew  solution  gives  ssooth,  continuous  result  for  wedges 
with  large  Interior  angles. 
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Figure  8.  Graph  corresponding  to  geoaetry  of  Fig.  6  showing  path-loss 
In  dB  noraallsed  to  free  space  for  the  hard  boundary 
condition  and  variable  receiver  height,  coapared  to  a 
aechanlcal  application  of  UTD.  The  wavelength,  1,  Is  3.0  a. 
ilew  solution  gives  saooth,  continuous  result  for  wedges 
with  large  Interior  angles. 
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ABSTRACT 

Present  Finite  Difference  Time  Domain  (FDTD)  formulation*  vise  non-dispersive  constitutive 
parameter*  to  mode!  material*,  thereby  reducing  the  accuracy  of  result*  obtained  with  wide¬ 
band  transient  excitation.  The  tcroporally.dispersJvc  eleetric  permittivity  of  a  dielectric  materi¬ 
al  hat  been  incorporated  by  the  author*  into  a  frequency-dependent  FDTD  formulation,  or 
(FDfri),  width  includes  direretc  convolution  of  the  time-domain  electric  susccptibilty  func¬ 
tion  with  previous  electric  field  valuer. 

Result*  are  presented  here  for  application  of  (FO)vfD  to  materials  with  high  conductivi- 
ties  which,  because  of  their  non-negligiblc  7.cro  frequency  conductivity,  exhibit  a  time-domain 
susceptibility  function  muclt  different  from  polar  dielectrics  like  water.  For  plasma  applica¬ 
tions  where  the  frequency  content  of  the  excitation  pulse  may  include  the  plasma  frequency, 
the  effective  frequency-domain  permittivity  passes  through  «ro  and  precludes  the  use  of  tradi¬ 
tional  FDTD  algorithms.  (FD)’fD  has  no  difficulty  with  this  situation,  as  will  be  shown. 
For  very  good  conductors,  the  (FDJ’TD  formulation  reduces  to  another  form  that  exhibits  a 
very  different  physical  interpretation  than  that  of  other  FDTD  approximations. 
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INTRODUCTION 

‘  Traditional  Finite  Difference  Ttroc  Domain  (FDTD)  formulation*  requite  the  material  permit- 

j  tivlty,  permeability,  anti  conductivity  be  constant  {1,2, 3,4,5}.  However,  there  parameter*  may 

j  vary  significantly  with  frequency  in  tlirperrive  materials.  The  effects  of  constitutive  parameter* 

j  which  vary  with  frequency  arc  Included  In  a  frequency-dependent  FOTI)  formulation, 

(PDfrD.  by  extending  the  traditional  Yee  formulation  to  include  discrete  convolution  of 
time-domain  constitutive  function*  and  previous  field  value*.  Tire  accuracy  or  (PDj’TI)  ha* 
been  demonstrated  by  computing  the  reflection  eoeflieient  at  an  air-water  interface  over  a  wide 
frequency  band  including  the  effects  of  the  frequency-dependent  permittivity  of  water  (6J. 

While  tlic  rc*uh*  for  water  are  encouraging,  application  or  (FDj’Tl)  to  other  material?, 
specifically  conductor*  and  plasmas,  require*  Amber  Investigation,  litis  is  because  polar  die¬ 
lectric*  such  a*  water  exhibit  frequency-  and  time-domain  electric  permittivity  function*  very 
different  from  material*  like  conductors,  which  have  large  conductivities  (and  free  electrons'  at 
i  Hero  frequency.  In  fact,  for  plasma*  the  value  of  the  complex  frequency-domain  permittivity  is 

zero  at  the  plasma  frequency,  while  the  lime-domain  permittivity  (Unction  remains  non-xcro. 

I  laving  obtained  the  appropriate  susceptibility  functions,  we  have  investigated  the  capa¬ 
bility  of  (FD)*TD  to  compute  electromagnetic  interactions  with  conductive  materials.  Pre¬ 
liminary  results  indicate  that  (rf))}Tf)  performs  well,  and  furthermore  is  not  subject  to  the 
same  limitation  (  a&t  f  t  <  1 )  on  highly  conductive  materials  that  applies  to  seme  other  for¬ 
mulations  {2,3,4). 

*  FREQUENCY-DEPENDENT  FDTD 

I 

i  'Ilic  relation  between  the  present  electric  polarisation  P  of  a  material  and  the  local  electric 

J  field  B  is  |7| 

f 

I 
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where  t„  is  the  jxrmiuiviiy  or  free  space,  tm  is  litc  relative  permittivity  of  the  material  as 
«-»«>,  ami  where  j(t)  is  tlte  electric  susceptibility.  Per  polar  dielectrics  the  frequency-domain 
relative  permittivity  is  of  the  form 


Ca  “ 


(!> 

where  r,  is  the  relaxation  time  of  the  material  (8).  The  corresponding  time-domain  relative  sus¬ 
ceptibility  (Unction  is 


X(x)mf^j!£.yap(-x/tj  for-rX) 


liquations  (I)  and  (3)  can  be  substituted  into  the  finite  difference  equations  given  by  Yee  jl)  to 
find  the  appropriate  relations  between  present  and  previous  field  values.  For  a  one- 
dimensional  propagation  problem  (in  the  +x  direction)  the  (FDJ’TD  equation  for  Maxwell’s 
VxTl  equation  is 


*po 


c  (0  .  I 

7H-v  ff)  +  71m 


cJ0+*;(0 


(tJQ+xe(Q)tete 


EC(  ^ 


I  ■ 

//,  Hl+f-ll,  1  (»••-“) 


(Refer  to  [6|  for  a  description  of  the  notation  and  variables.)  Note  that  if  we  assume  the  rela¬ 
tive  permittivity,  e,,  is  independent  of  frequency  (the  usual  FDTD  assumption)  then  x(t)-0, 
e„«e„  y„-Q  for  all  m,  and  the  above  reduces  to  the  Yee  formulation.  The  Yee  equation  for  1 1 
will  be  unchanged  for  nonmagnetic  media, 
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A*  mentioned  above,  the  expression  for  the  temple*  permittivity  of  conducting  material* 
it  different  from  dielectric*  became  conductors  arc  characterized  by  a  free  electron  density. 
Inttead  of  (2),  the  frequency-domain  relative  permittivity  for  platma*  and  conductors  i*  |7| 


e  (m) «  c 


\  «c/vw>  J 


((>) 


where  vt  is  the  collision  frequency  and  w,  i*  the  radian  plasma  frequency.  Transformation  of 
(6)  into  a  causal  time-domain  susceptibility  Amotion  result*  in 


z(x)  -  -A  j- 1  -  C.xp(-y) 


(7) 


where  t/(r)  it  the  unit  step  Ametion.  Following  the  method  described  in  (6),  equation  (7)  can 
be  substituted  into  (d)  to  modify  (FD),TD  for  plasma  and  conductor  propagation  problems. 


DEMONSTRATION 

To  demonstrate  the  validity  of  (FDj’TD  for  electromagnetic  interactions  with  a  plasma,  the 
reflection  and  transmission  coeflicients  from  a  cold  plasma  slab  were  calculated.  The  one- 
dimensional  problem  space,  consisted  or  800  cells  each  75  /mi  thick  with  plasma  occupying 
cells  300  through  500.  The  time  step  was  0.125  ps.  The  plasma  frequency  was  28.7  GHz  and 
the  collision  frequency  was  2.0x10’°.  From  (6)  one  can  sec  that  below  the  plasma  frequency 
the  real  part  of  the  complex  permittivity  is  negative  and  at  the  plasma  frequency  it  passes 
through  zero.  This  fact  precludes  the  use  of  some  traditional  FDTD  algorithms  when  applied 
to  problems  where  significant  signal  content  is  located  near  the  plasm  frequency. 

Calculations  were  made  by  propagating  n  Gaussian-Jer-vativc  pulse  through  a  plasma 
slab.  The  spectrum  of  the  pulse  is  shown  in  Figure  i  and  the  electric  field  vs.  position  at 
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Figure  /:  Incident  Pulse  Spectrum 
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Figure  ■/:  (FD)*TD  Pulse  Afler  400  Time  Steps 
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Figure  10-.  (FD)5TD  Reflection  Coefficient  Phase 
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MODIFIED  FREQUENCY-DEPENDENT  FOTO 

For  cstremely  good  conductor?,  the  colliilon  frequency  ve  approaches  Infinity  (for  copper 
vfs3xl0")|7).  In  this  limit,  the  (FI))*TD  equation  In  (*l)  becomes 


where  the  spatial  dependence  of  has  been  omitted. 

To  demonstrate  this  modified  form  of  (l!l))>TD  a  Gaussian  derivative  pulse  is  propagat¬ 
ed  into  a  thin  conductor  slab.  The  spectrum  of  this  pulse  is  shown  in  Figure  13.  The  one- 
dimensional  cell  space  is  500  cells  long  (each  measuring  10.62  pm)  with  a  conductor  (a -1 000) 
occupying  cells  300  through  320.  The  lime  step  is  l.77xlQ’14  so  that  oAr/tw  2.  The  pulse's 
electric  field  amplitude  vs.  position  at  100  lime  step  increments  is  shown  in  Figure  Id  through 
Figure  19.  The  strong  reflection  from  the  conductor  is  evident. 

As  a  comparison,  FDTD  algorithms  from  other  papers  were  also  used  with  the  parame¬ 
ters  (ceil  sire,  conductivity,  etc.)  of  this  problem.  Figure  20  shows  the  instability  of  the  algor¬ 
ithm  by  Taflovc  and  Ilrodwin  (2,3)  Tor  propagation  inside  the  conductor.  (.Shortly  alter  this 
electric  Held  profile  was  stored,  the  computer  run  aborted  due  to  overflow  errors.)  Inanima¬ 
tion  of  their  equations  shows  that  when  the  conductivity  (or  the  time  step)  is  ton  large 
(oAr/c-* oo)  computational  errors  arise.  The  equations  by  Ziolkowskl,  Madsen,  and  Carpen¬ 
ter’s  (4)  arc  slightly  different,  but  become  unstable  for  the  same  reason  ns  shown  in  Figure  21. 

Figure  22  shows  the  stability  of  the  algorithm  by  Sullivan,  Ilomp,  and  Gandhi  [5J.  In 
fact,  comparison  of  Figure  22  with  Figure  23  (the  modified  (FD)STD  formulation  result  at 
the  same  time  step)  shows  little  difference.  This  agreement  is  surprising  given  the  fact  that 
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Figure  13:  Incident  Pulse  Spectrum  345 


Figure  IS'.  Pulse  After  100  Time  Steps 
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Modified  (FD)2TD 
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Figure  IS'.  Pulse  After  400  Time  Steps 
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Figure  19:  Pulse  After  500  'lime  Steps 

352 


353 


figure  2Q-.  Taflovc  and  Iirodwin  FDTD 
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Figure  21:  Ziolkowski,  Madsen,  and  Carpenter  FDTD 
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Sullivan,  Borup,  Gandhi  (1987) 


Figure  22:  Sullivan,  Borup,  and  Gandhi  FDTD 
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nRure  23:  ModiHcd  (FD)’TD 
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CONCLUSIONS 

llxtention  of  the  basic  (FD)*1‘D  formulation  to  include  electromagnetic  wave  interaction* 
with  materials  characterized  by  Tree  electrons  has  been  presented.  Validity  was  established 
with  the  computation  of  reflection  and  transmission  coefficients  through  a  plasma  slab. 

It  was  also  shown  that  for  plasmas  and  conduetors  characterized  by  a  large  collision  fre¬ 
quency  (FI))*!'!)  reduces  to  a  modified  form  that  dilfcrs  from  other  approaches  in  the  inter¬ 
pretation  of  the  current  density  term.  This  modified  form  was  compared  to  other  FDTI) 
algorithms  found  in  the  literature  in  an  example  problem. 
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FINITE-DIFFERENCE  TIME-DOMAIN  MODELING  OF 
ELECTROMAGNETIC  RADIATION  FROM  AN  ELECTRON  BEAM 


S.T.  I’cnnock,  It.it.  McLeod.  ll.G.  II utUuu 
P.O.  Box  SOS,  L-15K 
Engineering  Research  Division 
Lawrence  Livermore  National  Laboratory 
Livermore.  CA  9-1550 


Finite  difference  time  domain  codes  linve  been  used  foi  a  variety 
of  propagation  and  scattering  work  in  the  past.  Some  recent  work 
has  been  done  in  attempting  to  represent  the  electromagnetic  radia¬ 
tion  from  a  relativistic  electron  beam  propagating  in  the  atmosphere, 
in  the  presence  of  ground  and  metallic  structures.  Several  methods 
of  launching  the  electromagnetic  waves  from  such  n  source  have  been 
tried,  with  results  compared  to  both  a  scale-model  representation  and  to 
time-domain  measurements  taken  at  a  beam  facility.  Early  time  com¬ 
parisons  with  the  measurements  show  good  agreement,  and  the  code 
was  used  to  try  to  determine  which  parts  of  the  facility  were  causing 
specific  structure  in  the  measured  time  record.  Examples  of  the  data 
comparisons  will  be  presented,  and  the  current  best  method  for  repre¬ 
senting  the  electron  beam  in  the  TSAR  finite  difference  code  will  be 
explained. 


*  Work  performed  under  the  ourpicci  of  the  U.  S.  Department  of  Energy  by  tire 
Low/ence  Livermore  Notion!  Loborotory  under  Controct  No.  W-T-tOS-ENG-tS.  Funding 
provided  by  the  Combined  Community  Meoruiement  Projrom. 
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capabilities  are  part  of  the  package 


A  LINE  OF  SOURCES  DOESN'T  SEEM  TO  ACCURATELY 


Time  (nsec) 
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Time  (nsec) 


SCALE  MODEL  AND  MEASURED  DATA  ALSO  DON'T 


Time  (nsec) 


Time  (nsec) 


FURTHER  EXAMINATION  OF  MEASURED 
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Better  data  from  a  future  open-air  experiment  maj"  allow 
refinements  to  be  made  to  the  TSAR  model. 


A  Buried  Antenna  Analytic  Modeling  Program  -  PAT* 

n.  Bruce  Gilchrist 
Paul  0.  Berratt 
Brian  Grose 
Moray  B.  King 
David  L,  Faust 

Eyring  Inc. 

Communications  Systems  Division 
1455  Kest  820  North 
Frovo,  Utah  84601 
(801)  375-2434 

PATS  is  an  analytic  modeling  program  designed  to  model  the 
performance  of  buried  and  near-earth  antennas.  The  program  has  been 
developed  over  the  past  five  years  to  assint  in  the  investigation 
of  buried  antenna  structures  operating  in  the  100  KHz  to  100  MHz 
frequency  range.  The  model  is  based  on  equations  developed  by  the 
Russian  text  Hear  Berth  end  Buried  Antennas  by  G.  A.  Lavrov  and  A. 
S.  Knyazev  (1965,  translation  1967}  and  the  American  Text  Antennas 
in  Matter  by  R.  W.  ?.  King  and  G.  S.  Smith  (1981).  The  original 
PAT4J  modeling  program  is  a  companion  program  to  the  Antenna 
Engineering  Design  Handbook  For  Buried  Linear  Arrays,  produced  by 
Eyring  under  contract*  to  Romo  Air  Development  Center,  Griffiss 
AFB,  Now  York,  April  1988. 

PATS  is  currently  a  versatile  antenna  design  investigation  tool 
with  on  11  x  K  multi-element  array  modeling  capability.  The  program 
tabulates  and  plots  both  pattern  and  feedpoint  characteristics  for 
models  in  real  earth  environments.  Ground  conductivity  and 
dielectric  constants  as  a  function  of  frequency  are  used  to 
characterize  the  burial  or  underlying  environment  of  the  modeled 
antenna  elements.  Antenna  patterns  are  described  as  a  function  of 
elevation,  azimuth  and  polarization.  Groundwave  pattorns  are 
described  in  terms  of  field  strength  at  a  specific  far  fiold 
distance  over  real  ground  conditions  (these  can  differ  from  the 
ground  conditions  at  the  antenna) . 

PAT6  capabilities  are  currently  going  into  a  Seta  tost  stage. 
Validation  of  the  code  has  been  provided  to  dato  by  comparisons  to 
NEC-31  numerically  modeled  data  as  well  and  full  scale  testing  of 
11  olcmcntary  1-element  buried  antenna  configurations  and  four 
multi-element  buried  array  configurations.  The  program  supports 
Hercules,  CGA  and  EGA  graphics,  requires  a  math  coprocessor  and 
runs  on  IBM  PCs  and  compatiables  with  256K  of  memory.  The  final 
program  is  expected  to  be  available  in  late  1989. 

The  demonstration  used  a  Tandy  1400LT  Laptop  with  a  CGA  display  and 
an  8087  coprocessor  option. 


*  Hardened  Antenna  Technology  Program  Contract  Ho.  F30602-85- 
C-0282. 


373 


SESSION  4  -  "SCATTERING  I" 
Chairman:  JamaaRoyars 


UTD  SCATTERING  FROM  DIHEDRALS 


R.  J.  M&rheflt*  and  N.  Akhtcr 
The  Ohio  Stale  University 
ElectroSdence  Laboratory 
1320  Kinnear  Road 
Columbus,  Ohio  43212-1156 

March  17, 1989 


Abstract 

The  monostatfc  and  bistatic  scattering  from  dihedrals  of  arbitrary 
angles  !•  presented.  The  Uniform  Geometrical  Theory  of  Diffraction 
(UTD)  It  used  to  analyse  the  problem.  The  near  sonc  (non-parallel 
ray)  and  the  far  sone  (parallel  ray)  case*  are  dlicuired. 

The  NEC-BSC  I*  a  near  tone  code.  It  ha*  arbitrary  plate*  that  can 
be  placed  together  to  form  dihedral*.  It  include*  multiple  plate  UTD 
interaction  term*  up  to  second  order.  It  give*  good  retult*  for  most 
situation*.  When  the  *ource  and  receiver  distances  are  large  and  the 
dihedral  angle  it  near  90*,  however,  the  present  version  of  the  NEC-BSC 
can  deviate  from  the  correct  answer  in  the  peak  region.  Improvement* 
of  the  UTD  corner  theory  are  under  Investigation  to  correct  thi*  prob¬ 
lem. 

In  order  to  ttudy  the  parallel  ray  case,  a  two  dimensional  computer 
code  has  been  written.  Arbitrary  dihedral  angles  and  bistatlc  angles 
can  be  used.  This  code  contains  all  UTD  interaction  terms  up  to  third 
order  along  with  a  few  fourth  order  interactions.  Excellent  results  are 
obtained  for  dihedrals  as  smalt  as  a  wavelength  on  a  side  and  dihedral 
angles  as  small  a*  00*.  The  code  Is  validated  against  method  of  moments 
(MM)  result*. 


1  Introduction 

The  scattering  from  dihedrals  has  been  studied  for  a  long  time.  Interest 
in  the  subject  has  renewed  and  several  papers  have  been  recently  reported. 
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Physical  optics  solution*  have  traditionally  been  used  to  study  the  dihedral. 
Papers  by  Michael!  (1),  Olcjcr  (2],  and  Griesscr  and  Balanis  [3]  arc  recent 
examples. 

Analysis  of  interaction  between  plates  have  been  studied  by  Abcregg  and 
MarhefVa  (4)  and  specifically  the  corner  reflector  by  Akhtcr  and  Marheflta  (5) 
completely  using  the  Geometrical  Theory  of  Diffraction  (GTD)  (fi)  and  its 
uniform  verion  (UTD)  (7j  techniques  including  the  latest  double  diffraction 
coefficient*  (8).  Jn  addition,  recently  Griesscr  and  Balanis  (9)  have  anslysed 
the  dihedral  using  UTD  and  imposed  edge  approximations. 

This  paper  is  motivated  by  some  engineers  use  of  the  NEC-BSC  (10]  code 
for  analysing  dihedrals  which  presently  has  some  numerical  and  theoretical 
limitations  for  large  distances  and  90*  dihedrals.  In  addition,  it  will  point  out 
improvements  to  a  previous  ACES  paper  (11]  based  on  Reference  (4)  where 
bug*  in  the  code  caused  unexpected  poor  results  for  one  of  the  polarisations 
not  actually  in  the  theory.  It  should  be  noted  that  most  all  of  the  above 
references  have  solved  the  dihedral  problem  in  two  dimensions  and  mostly  in 
the  far  sonc.  The  NEC-BSC  is  a  near  tone  code  in  three  dimensions.  A  dis¬ 
cussion  comparing  the  differences  in  near  and  far  sonc  UTD  implementations 
is  given  in  Reference  (12],  This  paper  also  touchs  on  this  point. 

The  results  in  this  paper  are  compared  with  two  dimensional  method 
of  moments  (MM)  solutions  (13,14).  This  is  so  large  sized  dihedrals  could 
be  studied  without  worrying  about  excessive  computer  times  or  memory 
requirements. 


2  NEC-BSC  Results 

The  NEC-BSC  is  a  general  purpose  user  oriented  computer  code.  It  has 
multiple  sided  flat  plates  that  can  be  used  in  such  a  way  as  to  form  arbitrary 
shapes.  It  has  the  first  and  second  order  UTD  interaction  terms  between 
plates,  that  is,  it  includes  incident,  reflected,  edge  and  corner  diffraction, 
double  reflected,  reflected  •  diffracted,  and  diffracted  -  reflected  fields.  These 
terms  have  been  shown  to  be  sufficient  for  most  antenna  placement  problems 
for  which  the  NEC-BSC  was  originally  designed. 

The  plates  can  be  put  together  to  form  a  dihedral.  By  using  a  source 
and  receiver  that  both  more  with  respect  to  the  dihedral,  the  non-parallel 
ray  UTD  solution  to  the  dihedral  can  be  calculated.  The  scattered  field  from 
a  structure  can  be  found  by  calculating  the  total  field  and  subtracting  the 
incident  field  (actually  the  negative  of  the  incident  field  need  only  be  added 
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in  (he  shadow  region  of  (he  structure).  Since  (hi*  l*  *  near  zone  code,  (he 
result*  need  (o  be  normalized  *o  iu  (o  be  relative  to  *  square  meter.  Thi* 
can  be  accomplished  by  comparing  the  coupling  formula*  with  the  known 
rc*u!t  for  a  iphcrc  a*  would  be  done  in  a  iphericai  range  measurement. 

A  dihedral  with  9  inch  length  tide*  i*  considered.  The  width  ii  4.82  inches 
and  the  frequency  is  10  GIJ*.  This  width  i*  chosen  so  that  the  results  can 
be  directly  compared  with  the  far  zone  two  dimensional  results  below,  since 
at  that  frequency  and  width  the  results  with  respect  to  a  square  meters 
in  3-D  and  meter*  in  2-D  will  be  the  same.  The  backscattcr  from  a  90* 
dihedral  for  horizontal  polarization  is  shown  in  Figure  1.  The  peak  should 
be  at  approximately  13.4  dB  as  given  by  PO  (actually  around  12.5  dO  as 
given  by  MM  as  given.  In  Figure  5).  Obviously  the  result  given  by  the  NEC- 
BSC  is  considerably  ofTSn  the  peak  region.  The  pattern  is  actually  taken  at 
864  inches  which  is  well  within  the  far  zone  of  the  dihedral  and  with  a  0.5* 
bistatic  angle  to  help  stability.  Instabilities  can  be  see  as  the  sharp  spikes 
through  out  the  pattern.  These  are  due  to  the  large  distances  for  the  source 
and  receiver  involved.  The  seven  digit  accuracy  of  the  VAX  is  not  enough 
to  keep  track  of  the  small  differences.  The  peak  region  is  bad  because  of 
the  inaccuracies  of  the  present  near  zone  corner  diffraction  coefficient.  It  is 
very  accurate  except  right  at  specular  (15).  For  the  dihedral,  K'.wevc,,  this 
specular  region  is  spread  out  all  over  the  main  beam  region. 

To  test  this  theory,  the-  dihedrnl  angle  is  oprn  to  90.5*.  The  pattern  is 
shown  in  Figure  2.  The  result  h  only  off  by  around  3  dB  as  can  be  seen  by 
comparing  it  with  MM  results  in  Figure  5.  Again  this  is  due  to  the  near  zone 
corner  diffraction  coefficient.  The  pattern  for  the  dihedral  opened  to  95*  is 
shown  in  Figure  3.  Thi*  result  shows  numerical  jitter  but  the  result  is  now 
within  less  than  1  dB  of  the  ex&Ct  rejull  (sec  Figure  7). 


3  Far  Zone  Results 

In  order  to  understand  whnl  needs  to  be  included  in  more  detail  for  dihedral 
situation*  in  a  UTD  sense,  a  two  dimensional  code  has  been  written.  It  is 
based  on  far  zone  parallel  ray  UTD  concepts.  The  details  of  the  developed  is 
given  in  Reference  (5).  This  code  includes  up  to  and  including  all  third  order 
interactions  between  two  plates.  In  addition,  some  fourth  order  interaction 
terms  have  been  added.  The  terms  included  are  illustrated  in  Figure  4.  This 
code  is  ideal  for  analyzing  dihedral  configurations.  It  is  necessary  to  include 
only  the  diffraction  from  the  edges  and  their  reflection  in  the  other  plate.  In 
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Kljjwrc  1:  The  batkteaUer  from  a  9  X  •4.82  inch  90*  dihedral  for  horiionlal 
polarization  lining  the  NEC- BSC. 


Figure  3:  The  backscaUrr  from  a  9  X  4.82  inch  85*  dihedral  for  horitonUI 
polarisation  tiling  the  N EO-BSC. 


addition,  double  diffraction  between  edge*  with  possible  intervening  reflec¬ 
tion*  have  been  included.  The  newly  developed  far  zone  double  diffraction 
coefficient*  (8)  are  used.  With  Ihi*  formulation  for  double,  it  i*  not  ncceuary 
to  u*e  falie  edge*  or  imposed  edge*  a*  »ome  people  call  them. 

A*  an  example,  a  9-inch  two  dimensional  dihedral  ha*  been  analysed  for 
horizontal  polarisation  for  the  90*  dihedral  a*  shown  in  Figure  5  at  10  (jilt. 
Note  the  excellent  agreement.  To  illustrate  the  importance  of  the  double 
diffraction  type  term*,  the.  combination  of  diffracted,  reflected  •  diffracted, 
and  diffracted  -  reflected  fields,  is  shown  as  the  solid  line  in  Figure  6.  The 
long  dashes  show  the  douhle  diffracted  field  contribution  and  the  short  dashes 
the  diffract  -  reflected  -  difT*aclod  fields.  Note  that  the  peak  value  i*  refined 
using  double  diffracted  fields. 

For  comparison  purposes  the  backscalter  for  a  95*  dihedral  is  shown  in 
Figure  7.  The  backscalter  for  a  60*  dihedral  is  also  shown  in  Figure  8.  Notice 
that  nearly  all  the  terms  mentioned  above  are  needed  to  get  this  good  of  an 
accuracy.  If  the  angle  is  made  smaller  even  more  term*  are  needed.  In 
addition,  a*  the  dihedral  becomes  smaller  it  becomes  necessary  to  use  these 
higher  order  UTD  term*  to  get  a*  good  of  accuracy.  The  result  for  a  9  inch 
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90*  dihedrnl  al  2  Gif*  for  horiconlal  and  vertical  polarisation*  arc  *hown  in 
Figure*  9  and  10.  These  remit*  illustrated  that  a  UTD  solution  of  a  dihedral 
can  in  fact  chow  polarization  difference*.  A  rciult  with  a  90’  bistatic  angle 
al  10  Gif*  for  a  90*  dihedral  and  vertical  polarization  i*  *hown  in  Figure  11 
to  complete  the  verification  of  the  method. 


4  Conclusions 

The  present  version  of  the  NEC*iJSG  ean  kc  u»ed  to  find  Uic  near  *on* 
mattering  from  plate*.  The  example  of  the  dihedral  prctenlcd  in  this  paper 
represent*  one  the  mo*l  challenging  problem*.  If  the  angle  i*  not  too  near 
90*  reasonable  result*  are  obtained.  Research  on  a  belter  near  tone  comer 
diffraction  coefficient  i*  being  conducted  to  improve  thi*  rituatSon. 

A  dihedral  ha*  also  been  ntudied  using  the  latest  UTD  techrdque*  for  the 
far  aonc  in  two  dimrniion*.  The  mult*  are  excellent  a*  compared  with  MM 
for  both  large  and  (mail  ttce*  and  angle*. 
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Figure  8:  The  badticaUcr  from  a  9  inch  2*D  60*  dihedral  for  horiaontal 
polariiation. 
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«t»J 


Figure  9:  The  backseat  ter  from  a  9  inch  2-D  90*  dihedral  for  horironta 
polarisation  at  2  Gllr. 


Figure  10:  The  backscatler  from  a  9  inch  2-D  90*  dihedral  for  vertical  po 
larisalion  at  2  Gli*. 
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ABSTRACT:  A  method-of-moments  formulation  involving  the  magnetic  field  integral 
equation  (MFIE)  Is  presented  for  the  analysis  of  inhomogeneous  3D  dielectric  scattercre. 
The  approach  involves  the  use  of  tetrahedral  cells,  a  piecewise  linear  expansion  for  the  total 
magnetic  field,  and  point  matching  at  the  nodal  points  of  the  tetrahedral-cell  model. 
Preliminary  numerical  results  are  presented  and  compared  to  exact  solutions  for  spherical 
scattcrers. 


J.  INTRODUCTION 

Numerous  applications  require  accurate  electromagnetic  modeling  of  finite,  3D 
dielectric  bodies.  Because  volunte  discretizations  necessitate  a  large  number  of  unknowns, 
relatively  few  techniques  have  been  developed  for  inhomogeneous  scattcrers.  In  the  time 
domain,  explicit  "marching  on  in  time"  algorithms  are  under  study  and  arc  attractive 
because  they  require  no  matrix  solution.  In  the  frequency  domain,  two  types  of 
formulation  arc  being  employed:  those  based  on  the  electric-field  integral  equation 
(0FIE){l-3)  and  those  based  on  the  vector  wave  equation  [d].  To  augment  these 
approaches  and  provide  an  alternative  method  for  validation  purposes,  this  paper  presents  a 
new  formulation  for  modeling  3D  inhomogeneous  dielectric  bodies  based  on  the  magnetic 
field  integral  equation  (MF1E).  The  approach  is  an  extension  of  a  2D  formulation 
developed  by  Peterson  and  Klock  (5). 


The  MFIE  is  discretized  over  piecewise  homogeneous  tetrahedral  cells  using  a 
linear  representation  for  the  magnetic  field  components  ami  point-matching.  The  expansion 

functions  employed  enforce  the  continuity  of  all  three  components  of  the  vector  H-field. 
Despite  the  volume  discretization,  the  matrix  "fill"  requires  only  two-dimensional  numerical 
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integration  over  the  faces  of  the  cells.  Preliminary  numerical  results  for  homogeneous 
spherics!  seattcrers  arc  presented  to  illustrate  the  accuracy  of  the  MF1E  formulation. 


X  FORMULATION 


Consider  a  region  of  infinite  space  containing  a  dielectric  seattcrcrcharaetcrizcd  by  a 
complex-valued  relative  permittivity  Suppose  that  the  scattercr  is  illuminated  by  a 

time-harmonic  electromagnetic  field  with  time  dependence  eJMl.  In  the  absence  of  the 

scattcrer.  the  illuminating  magnetic  field  Is  given  by  Hine.  It  is  desired  to  find  the  total 

magnetic  field  H.  To  cast  the  problem  into  one  directly  amenable  to  nunwrical  solution,  we 
replace  tlw  dielectric  material  by  tlw  equivalent  polarization  current  density 


c,(x,y,z)  - 1 
e,(x,  y.z) 


7  x  il(x,y,x) 


(I) 


radiating  in  free  space.  The  internal  fields  and  radar  cross  section  can  be  determined  from 
knowledge  of  the  current  density  of  Equation  (1),  which  in  turn  can  be  found  from  the 
magnetic  field.  The  magnetic  field  must  satisfy  the  MF1E 


! I^fx.y.z) a  I i(x,y,z) -7x 


(2) 


where  k  is  the  free-spacc  wavenumber.  The  asterisk  operator  (*)  denotes  three- 
dimensional  convolution,  i.e,,  each  scalar  component  has  the  form 


a(x,y,z)  ♦  bfx,y,z)  H  J  |  j  a(x‘,yV)  b(x-x',y-y',z-x')  dx'dy'dz' 


(3) 


Because  convolution  and  differentiation  operators  commute.  Equation  (2)  can  be  written  in 
the  form 


Hlw(x,y,z)  =  H(x,y,z)  -{7x5} 


#e* 

4nr 


(4) 
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Below,  the  explicit  form  of  Equation  (4)  is  shown  to  be  preferable  to  Equation  (2)  in  the 
context  of  the  present  formulation. 

In  order  to  effect  a  numerical  solution  to  Equation  (4),  tire  dielectric  scattcrer  can  be 
modeled  by  a  superposition  of  homogeneous  tetrahedral  cells.  Within  each  cell,  the 
magnetic  field  can  be  represented  by  a  linear  function 

I  i(x,y,z)  *»  a  +  px + yy  4  5z  (5) 


where  die  vectors  a,  p,  y  and  5  arc  constants  of  the  form 

m  «  •  • 

anxa,  +  y  oty  +  za,. 


(6) 


Since  the  representation  for  H  is  linear,  it  follows  from  Equation  (1)  tlrat  the  current 
density  J  will  be  a  constant  in  each  cell.  Furthermore,  since  Equation  (4)  requires  the 

differentiation  of  die  current  density,  the  quantity  VxJ  will  collapse  to  a  Dirac  delta  function 
with  constant  support  over  the  face  between  any  two  cells.  In  order  to  describe  the 
resulting  function,  it  is  convenient  to  work  within  a  local  coordinate  system  comprised  of 
the  normal  and  tingential  variables  at  a  given  face.  The  normal  vector  to  face  T  can  be 
defined  in  terms  of  the  spherical  angle  into  which  it  points,  i.c., 

*  a  A  a 

n  =  x  sinC|  cosfy  +  y  sin0j  sinfy  +  z  cosGj  ^ 

Tangential  vectors  to  face  "i"  are  uniquely  defined  by 

t,=-xsin$j+ycos$|  (g) 

and 

M  *  *  A 

t2  =  -  x  cosO|  cos$;  -  y  cosOj  sinfy  +  z  sin0;  ^ 

Note  that  these  unit  vectors  are  mutually  perpendicular  and  satisfy 
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Using  this  local  description,  VxJ  can  be  written  in  the  vicinity  of  a  face  as 


.  .  3J„  «  DJa 


Bccausc  J  is  constant  within  each  celt,  Equation  (l  1)  can  be  exptessed  at  face  i  as 

V  x  J  =  8,(n)  Piftjdi)  {  (tj  Ju  - 1|  Ju)|f  -  (tj  J„  -  tj  (j2) 

where  "i+"  and  Hi-M  refer  to  the  two  cells  Hdj  tccnt  to  face  l  (the  nonnal  vector  points  into  the 
M+"  cell).  In  Equation  (12),  8i(n)  denotes  a  Dirac  delta  function  that  vanishes  except  on 
face  i,  and  pi0i,t2)  is  a  step  function  having  constant  support  over  face  i  and  vanishing  off 

of  face  i  in  the  transverse  direction.  Using  the  representation  of  H  front  Equation  (5),  the 
vector  components  of  VxJ  at  face  i  are 


*  -  cj-l 

x  •  VxJ  =  8,(n)  Pi(t,,t2)  —  sinO,sin$,  (pj-yj)  +  cosB,  (p^-Sj) 

*T 


- I~  sinOjsin^j  (P'-y^  +  cos0(  (P]>-5") 


r  VxJ  =  81(n)pi(t„t2)|  —  sinejCos^Cyt-pp  +  cosO^yt-Sp 


- —  sinO,cos^|  (y*  -  P3)  +  cosBj  (y£  -  5D 

e r 


and 


z-  VxJ  a  5j(n)  p.Gj.ij) 


cos^i  (S’  -  pj)  +  sin^j  (5^  -  yP 


05) 


In  Equations  (13)-(15),  the  “+"  and  superscripts  denote  the  parameter  values  in  the  **+“ 
and  cell  adjacent  to  face  i,  respectively. 


3.  EXPANSION  AND  TESTING  FUNCTIONS 


Although  we  have  prescribed  a  linear  dependence  for  H,  freedom  remains  in  the 
selection  of  specific  basis  functions.  Consider  the  expansion  of  the  three  Cartesian 

components  of  H  in  linear  interpolation  functions  between  the  nodes  of  the  tetrahedral-cell 

mesh  (6).  This  expansion  ensures  the  continuity  of  all  three  components  of  H  at  cell 
interfaces,  which  is  desirable  since  the  actual  magnetic  field  is  a  continuous  function 
throughout  a  piecewise-hotnogencous  dielectric  region.  The  unknowns  associated  with 

this  approach  arc  die  three  components  of  H  at  each  node  of  the  scattercr  model. 


The  constants  associated  with  the  expansion  of  Equation  (3)  can  be  readily 
determined  within  a  given  cell.  Consider  a  tetrahedron  having  vertices  at  (xj.yi.zj), 

(X2«y2*z2)<  (xj.yj.zj).  and  ()q,y<,z<).  The  coefficients  representing  the  x-component  of  H 
within  this  tetrahedron  can  be  found  from 


■«*' 

‘1  xt  y,  z,‘ 

-I 

■Hx.' 

p* 

1  x2  y2  Z2 

H,2 

Yx 

1  x3  yj  z3 

H,3 

5* 

.1  x4  Va  *4. 

Hx4. 

(16) 
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where  H*  i,  etc.  ate  the  values  of  the  x -component  of  H  at  ihe  corresponding  vcniccs.  The 
coefficients  cf  (he  expansions  for  Ify  and  I  !4  can  be  found  from  similar  equations. 

In  order  to  generate  a  linear  system  of  equations  that  can  be  solved  for  the  unknown 

coefficients  of  H,  it  is  necessary  to  select  a  set  of  testing  functions  and  approximately 
enforce  the  MF1E  by  way  of  an  Inner  product  between  the  testing  function  and  Equation 
(4).  In  this  ease,  the  representation  of  the  current  density  ensures  the  continuity  of  the 
magnetic  field.  Thus,  it  is  sufficient  to  employ  Dine  delta  functions  as  testing  functions. 
In  other  words,  each  component  of  the  MHO  can  be  enforced  by  "point  matching"  at  die 
nodes  of  the  model.  This  procedure  produces  a  3Nx3N  matrix  equation,  where  N  is  the 
number  of  nodes  in  the  ictrahcdral-ccll  mesh  representing  the  scattered 

The  entries  of  the  matrix  equation  involve  the  integral  appearing  in  Equation  (4). 
Since  this  operation  is  a  convolution  between  VxJ  and  the  frcc-spacc  Green's  function,  and 

since  VxJ  has  Dirac  delta  function  support  over  cell  faces,  the  required  integrals  collapse  to 
surface  integrals  over  the  faces  of  the  tetrahedral  cells.  Thus,  only  two-dimensional 
numerical  integration  is  required  to  calculate  the  matrix  elements.  This  simplification  is 
possible  because  die  form  of  die  MF1E  appearing  in  Equation  (4)  permits  the  explicit  use  of 

VxJ. 

Each  entry  in  (he  3Nx3N  matrix  corresponds  to  die  interaction  between  an 
observation  and  source  node  in  the  scaucrer  model.  Rather  dian  constructing  the  matrix 
entries  sequentially  on  a  nodc-by-nodc  basis,  it  is  more  convenient  to  indirectly  compute 
the  matrix  entries  in  terms  of  the  contribution  from  a  given  face.  At  each  face  within  the 

model,  45  coefficients  relate  die  three  components  of  VxJ  to  the  1 5  components  of  H  (3  at 
each  of  the  5  nodes  surrounding  the  face,  unless  die  face  is  located  on  an  exterior  surface  of 
the  scaucrer).  These  coefficients  can  be  determined  from  Equations  (13)-(16).  Once  the  45 
coefficients  are  calculated  for  a  given  face,  the  comribudon  from  that  source  term  to  each 
observation  point  (node)  in  the  model  can  be  computed  (one  numerical  integration  over  die 
face  is  required  for  each  observation  point).  Tills  process  is  repeated  for  each  face  in  the 
scaucrer  model.  When  the  observation  point  happens  to  coincide  with  one  of  the  three 
nodes  of  the  source  face,  the  resulting  singularity  can  be  extracted  from  the  integrand, 
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Integrated  analytically,  and  combined  with  the  numerical  residual.  The  right-hand  side  of 
the  system  consists  of  the  sampled  values  of  the  x,  y,  and  z-componcnts  of  the  incident 
magnetic  field  at  the  node  points. 


4.  NUMERICAL  RESULTS 

The  MF1E  formulation  described  above  is  directly  applicable  to  arbitrarily  shaped, 
inhomogeneous  scattcrers.  To  test  the  accuracy  of  the  approach,  exact  solutions  for 
honwgencous  spherical  scattcrers  illuminated  by  uniform  plane  waves  (7)  were  compared 
with  numerical  results.  Tetrahedral-cell  models  were  constructed  using  the  PATRAN 
preprocessor  (8).  In  the  examples  presented  below,  scaling  was  used  to  equate  the  volume 
of  the  scattercr  model  with  that  of  the  desired  sphere.  For  initial  validation  purposes, 
numerical  results  were  obtained  using  an  AT&T  6300  personal  computer  running  single 
precision  TORTRAN  under  DOS  at  about  20  KFlops.  Because  the  matrix  order  was 
restricted  to  approximately  210  on  this  machine,  the  results  presented  below  arc  limited  to 
electrically  small  scattcrers. 

Table  1  presents  numerical  and  exact  solutions  for  the  magnetic  field  at  various 
node  points  for  a  sphere  of  radius  "a"  having  C(*2.592i  and  ka«l.  In  this  case,  the  model 
consisted  of  48  tetrahedral  cells,  27  node  points,  and  120  faces.  Although  the  cells  were 
not  all  identical  In  size,  an  average  cell  density  of  68 1  cells  per  cubical  dielectric  wavelength 
was  provided  by  this  mode).  The  resulting  matrix  equation  was  of  order  81.  Similar 
numerical  results  are  presented  in  Table  2  for  a  refined  model  of  the  same  sphere  containing 
176  cells,  53  nodes,  and  376  faces.  The  average  cell  density  in  the  refined  model  was 
2497  cells  per  cubical  dielectric  wavelength.  Note  that  the  agreement  between  the 
numerical  and  exact  solutions  for  the  dominant  component  of  the  magnetic  field  is  excellent 
in  both  cases. 

Table  3  presents  data  for  a  27-node,  48-ccll  model  of  a  sphere  with  ka«=0.1  and 
Cf=2.5.  In  this  case,  the  average  cell  density  in  the  model  is  719000  cells  per  cubical 
dielectric  wavelength.  This  extremely  high  cell  density  was  employed  in  order  to  study  the 
convergence  of  the  numerical  solutions  for  the  magnetic  field.  Approximately  4  or  5 
decimal  places  of  accuracy  is  observed  in  the  magnitude  of  the  numerical  results  (the  phase 
is  accurate  to  4  decimal  places,  if  normalized  to  a  possible  ±180  degrees). 
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Tabic  4  presents  similar  data  for  a  lossy  sphere  having  ka»0.2  and  Cf»4-j4.  A  43- 
node,  80-cell  model  was  employed  with  an  average  cell  density  of  44000  cells  per  cubical 
dielectric  wavelength.  Although  the  cell  density  Is  high,  this  model  consisted  of  42  nodes 
on  the  surface  of  the  sphere,  and  only  one  additional  node  at  the  center.  Interestingly,  a 
large  phase  error  is  observed  at  the  center  of  the  sphere  (node  34).  It  is  apparent  that 
additional  internal  nodes  would  better  resolve  the  Held  data  in  this  example. 

Although  the  magnetic  field  exhibits  excellent  agreement  with  exact  data,  the  electric 
fields  computed  within  the  scatierer  models  were  not  as  accurate.  Electric  field  components 
within  each  cell  of  the  model  were  calculated  by  taking  the  curl  of  the  linear  representation 

for  H  appearing  in  Equation  (3).  Even  for  the  electrically  small  example  of  kanO.l  and 
C,»2.5,  the  dominant  component  of  the  electric  field  computed  using  the  27  node  model 
was  in  error  by  about  10  percent  at  the  center  of  each  cell  (the  numerical  result  for  the 
magnitude  of  Ex  was  approximately  225  in  every  cell,  as  compared  with  the  exact  result  of 
approximately  252),  This  trend  was  observed  in  every  scattcrer  model  studied  to  date.  To 
further  investigate  this  behavior,  numerical  solutions  for  the  ntagnctle  field  at  nodes  of  the 
mesh  were  replaced  by  exact  data  obtained  from  the  Mie  series  solution.  Even  when  the 
exact  data  was  employed,  the  electric  fields  computed  from  the  linear  representation  of 
Equation  (5)  exhibited  significant  error.  For  illustration,  Table  5  presents  E-field  data  for 
the  53-node,  176-ccll  model  of  the  sphere  with  ka-1.0  and  C[*2.5921. 

The  error  observed  in  the  electric  field  Is  believed  to  be  related  to  the  specific  shape 
of  the  tetrahedral  cells  used  to  model  the  scattcrer,  It  Is  expected  that  the  best  accuracy  in 
the  electric  fields  would  be  obtained  by  using  equilateral  tetrahedra  whenever  possible. 
(We  note  that  in  the  two-dimensional  modeling  employed  in  reference  (5),  very  accurate 
electric  field  components  were  computed  from  the  magnetic  field  at  the  comers  of 
equilateral  triangles  using  a  similar  interpolation  scheme.)  This  preliminary  study  did  not 
employ  equilateral  cells,  and  in  general  it  is  difficult  to  do  so  In  three  dimensional  models. 
An  additional  source  of  error  In  tlie  preliminary  data  may  be  due  to  the  resolution  associated 
with  the  surface  of  the  scattcrer.  For  electrically  small  scattercrs,  the  scattered  fields  are  a 
strong  function  of  the  induced  surface  charge  density.  Although  the  models  were  sealed  to 
obtain  the  same  volume  as  the  desired  sphere,  it  is  likely  that  the  polygonal  approximation 
to  the  spherical  surface  employed  too  few  cells  to  accurately  model  the  spherical  surface. 
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Assuming  that  the  incident  field  is  scaled  so  that  the  Hinc  field  has  unity  magnitude, 
the  scattering  cross  section  can  be  computed  according  to 

o(0,4)»«  lint  4xr*  |n'(r,0^)|J 

*—  (17) 

Por  numerical  purposes,  tfvc  far- zone  magnetic  field  can  be  calculated  by  approximating  die 

integral  of  the  source  function  Vjd  over  each  face  within  the  model,  with  the  observation 
point  in  the  far  field.  Results  for  scattering  cross  section  as  a  function  of  far-ronc  spherical 
angle  (0,<j>)  arc  presented  in  Tables  6, 7,  and  8  for  tlic  thivS  spherical  scatterer?  previously 
considered.  The  Incident  plane  wave  consisted  of  C*  and  I  ly  contponents  propagating  into 
the  x  direction.  Observe  that  the  nuntcrieal  results  improve  as  a  function  of  the  number  of 
nodes  in  the  scatterer  model. 


5.  CONCLUSION 

A  new  formulation  is  presented  for  the  analysis  of  3D  inhomogeneous  dielectric 
scattercre  based  on  the  numerical  solution  of  the  MPIE.  Preliminary  results  suggest  that  the 
numerical  solutions  for  the  magnetic  field  exhibit  good  agreement  with  exact  solutions. 
Additional  study  Is  necessary  to  validate  the  approach,  especially  with  regard  to  the 
accuracy  of  the  electric  fields  computed  from  the  numerical  solutions  and  the  sensitivity  of 
the  results  to  the  shape  of  the  cells  employed  within  the  scatterer  models.  The  procedure 
requires  the  solution  of  a  fully-populated  complex  matrix  equation,  with  ords<-';qual  to 
three  tiroes  the  number  of  nodes  in  the  scatterer  model.  Although  this  formulation  may  nor 
prove  as  efficient  as  others  based  on  the  solution  of  differential  equations,  it  remains  an 
alternative  that  might  be  employed  to  help  validate  more  efficient  schemes  for  rather 
arbitrary  scattc rcrs. 
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Table  l 


8c  magnitude  -.nd  phase  of  the  i  lyfieltl  at  various  node  points  within  a  27- 
de  mode!  of  a  homogeneous  dielectric  sphere  with  ka«l.Q  and 

Cf»2.5921.  The  numerical  solutions  are  compared  to  exact  solutions.  For 
this  seatterer  model,  all  the  nodes  except  node  IP  were  located  on  the 
surface  of  the  sphere  (node  19  was  at  die  center  of  the  sphere). 

(magnitude  of  Hy) 


node 

numerical 

exact 

1 

noro 

05457 

2 

TD734 

'  1.0173 

"  3 

I.H90 

ni35  ” 

19 

”  1.3723' 

13575 

n 

0033 

1.3249 

(phase  of  I  ly) 


node 

numerical 

exact 

1 

7033 

rn7or' 

2 

•1.21  “  ™"~i 

-1.83 

3 

3T37 - 

19 

'  -1.43 

"  -2717  ” 

27 

66.53 

66.11 

397 


Tabic  2 


The  magnitude  and  phase  of  the  Hy  field  at  various  node  points  within  a  53- 
node  model  of  a  homogeneous  dielectric  sphere  with  ka«l.Q  and 

C(«2.5921.  The  numerical  solutions  are  compared  to  exact  solutions.  For 
this  scattcrer  model,  node  33  was  at  the  center  of  tho  sphere. 
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Table  3 

The  magnitude  and  phase  of  the  1  ly  field  at  various  node  points  within  a  27- 
node  model  of  a  homogeneous  dielectric  sphere  with  ka»Q,l  and  Cf»2.5. 
The  numerical  solutions  are  compared  to  exact  solutions.  For  this  scattcrer 
model,  node  19  was  at  the  center  of  the  sphere  and  ait  other  nodes  were 
located  on  the  surface. 
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Tabic  4 


The  magnitude  and  phase  of  the  1  ly  field  at  various  node  points  within  a  43- 
node  mode!  of  a  lossy  homogeneous  dielectric  sphere  with  ka«0.2  and 

Cf*4-j4.  The  numerical  solutions  arc  compared  to  exact  solutions.  For  this 
scattcrer  model,  node  34  was  at  the  center  of  the  sphere  and  all  other  nodes 
were  located  on  the  surface. 
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Tabic  6 

The  hlstatic  scattering  cross  section  for  a  honwccncous  dielectric  sphere 
with  ha*  1,0  ami  e<»2.5921.  The  numerical  solutions  obtained  with  27  and 
43  node  models  ate  compared  to  exact  solutions. 
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Table  7 

The  bistatic  scattering  cross  section  for  a  homogeneous  dielectric  sphere 
with  ka*0.1  and  Cf*2.5.  The  numerical  solutions  obtained  with  27, 33,  and 
43  node  models  arc  compared  to  exact  solutions. 
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Table  8 

The  scattering  cross  section  for  a  homogeneous  dielectric  sphere  with 
kn*0.2  and  CfsM-j4.  The  numerical  solutions  obtained  with  27  and  43  node 
models  are  compared  to  exact  solutions. 
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SCATTERtNG-EROM  CYLINDRICAL  DIELECTRIC  SLABS: 
A  METHOD  QF  MOMENTS  APPROACH* 


Kevin  C.  Clancy,  Somblam  R.  Rongnrajan,  Richard  E,  Hodges 
Department  ol  Electrical  and  Computer  Engineering 
California  Stato  Univorslty,  Northtidgo 
Northrldgo,  CA  91330 


Abstract 

Schoikunolfs  equivalence  principle  Is  omployod  to  solve  the  problem  of  scattering  from  a 
cylindrical  dielectric  structure  In  torms  of  equivalent  electric  anc  magnetic  currents  on  tho 
surface  of  tho  dioloctric.  A  pair  of  coupled  tntogro-difforontial  equations  aro  derived  for  tho 
equivalent  curronts  and  aro  solved  by  tho  mothod  of  moments  (MOM).  Source  of  oxcitatlon  in  tho 
form  of  electric  or  magnoife  lino  current  with  o*015  time  dependence  Is  assumed.  Tho  MOM 
computer  codo  is  validated  by  generating  tost  cases  for  scattering  from  a  conducting  structure  !n 
place  of  tho  dielectric.  Numerical  results  aro  presented  for  tho  surfaco  equivalent  curronts  and 
scattered  fields  and  MOM  results  aro  comparod  to  physical  optics  results. 


UMIRODUCnON 

Tho  scattering  ol  electromagnetic  waves  by  a  dielectric  structure  is  a  problem  ol  Intorosl  in 
radomo  applications.  Recently  results  of  an  Investigation  of  various  asymptotic  approximations 
employed  In  radome  analysis  wore  presented  |t).  In  that  study,  a  molhodof-momonts  (MOM) 
typo  solution  for  volume  polarization  curroni  was  obtained  in  a  mannor  similar  to  that  of 
Richmond  (2).  Scattered  fields  computed  from  polarization  curroni  wore  compared  to  similar 
results  obtained  from  asymptotic  solutions  in  order  to  invostigoto  their  approximations.  Tho 
MOM  technique  for  scattered  fields  computed  from  a  solution  of  polarization  current  is  limited  to 
thin  structures.  In  this  paper,  tho  problem  of  scattering  from  a  cylindrical  dielectric  Is 
formulated  In  torms  ol  surfaco  Integral  equations  and  applied  specifically  to  determine  tho 
scattering  characteristics  of  a  dielectric  ogival  structure. 

II.  ANALYSIS 

The  cross-section  of  a  curved  dioloctric  cylinder  of  thickness  t  Is  shown  in  Figure  1 .  Tho 
dielectric  is  assumed  to  bo  linear  homogeneous  Isotropic  material  of  constitutive  parameters 
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c.  The  source  cf  excitation  is  assumed  to  be  a z -directed  Intinito  electric  or  magnet  Erie 
current  with  an  o^*  time  dependence.  Becauso  of  x-lnvarianco,  the  analysis  becomes  a 
two-dimensional  problem.  Schefcunotfs  equivalence  principle  (3|  is  ErtwtMd  to  d?v5do  the 
domain  of  this  problem  Into  two  regions;  region  1  Is  tho  dielectric  bounded  by  curve  C  and  region 
2  is  the  treo  space  outside.  For  the  purpose  ol  solving  tho  problem  in  region  2,  electric  and 
magnetic  equivalent  surface  currents  are  placed  on  C.  Scattered  fields  in  region  2  t;z  obtained 
from  the  folds  radiated  by  these  equivalent  currents  in  a  homogeneous  freo  space  medium. 
Similarly  tho  iota!  fold  In  region  l  Is  determined  from  the  folds  radiated  by  negative  ol  tho 
abovo  mentioned  equivalent  currents  in  a  homogeneous  medium  of  constitutive  parameters, 
Fo/- 

Tho  boundary  conditions  are  then  applied;  I.O.,  the  continuity  of  tho  tangetial  components  of 
tho  electric  and  magnetic  Folds  across  the  boundary  C.  This  results  In  a  pair  ol  coupled  Intogro- 
differcmial  equations  for  tho  electric  Eno  source  (TM)  as  shown  below. 


(2.1a) 


For  tho  magnetic  lino  source  (TE)  a  similar  set  of  equates  can  bo  obtained  from  duality. 


IILMETHQD_-QF-MOMENTS  SOLUTION 

The  integro-difforcntial  equations  havo  boon  solved  by  the  method  ol  moments  (MOM). 
Sub-sectional  expansion  functions  and  testing  functions  have  boon  chosen  to  produco  matrix 
equations.  For  tho  TM  case,  pulse  expansions  for  tho  oloctrtc  currents  and  trianglo  functions  for 
tho  magnetic  currents  were  employed.  Testing  functions  In  the  form  of  Dirac  della  functions  and 
pulso  functions  worn  used  for  equations  (2.1a)  and  (2.1b)  respectively.  A  similar  approach 
was  employed  for  the  dual  problem  (TE).  Tho  resulting  matrix  equation  for  tho  TM  caso  has 
been  expressed  in  the  form 
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Each  of  the  sub-matrices  Qlven  by  equations  (3.2)  through  (3.5}  with  a  minor  modification 
becomes  the  MOW  matrices  for  the  electric  field  Integral  equation  (£F|E)  of  a  conductor  In  place 
of  the  dielectric  for  TM,  the  magnetic  field  Integral  equation  (MFIE)  for  TM,  tho  MFiE  for  TE, 
and  the  EFIE  for  TE  respectively. 

The  four  conductor  test  eases  were  usod  !o  Independently  vaSdate  tfte  tour  sub-matrices  given 
by  equations  (3.2)  through  (3.5}, 

The  MOM  solution  was  compared  to  the  PO  solution  lor  various  shaped  structure;  to 
determine  the  limits  of  applicability  ofPO.  The  PO  solution  shows  Insignificant  degradation  for 
structures  with  radius  of  curvatuto  greater  than  10  wavelengths,  a  length  greater  than  G 
wavelengths,  and  for  a  source-scatterer  so  pc  ration  greater  than  2  wavelengths.  Outside  of  these 
limits,  the  PO  solution  was  poorer. 

Figures  2  through  6  are  graphs  of  the  surface  currents  and  the  scattered  field  for  curved 
dielectrics,  Both  PO  (Vs)  and  MOM  (solid  line)  solutions  are  shown.  Tho  x-axis  Is  coll  or 
sub-domain  numbor.  A  5  wavolength  by  0.2  wavelength  slab  with  a  radius  ol  curvature  ol  200 
wavclengtfts  was  first  tested.  Tho  source  Is  an  electric  lino  current  that  Is  10  wavelengths  away 
from  tho  center  of  the  Inner  broad  wall.  Tho  dielectric  constant  Is  2  and  tho  loss  tangerri  is  zero. 
Tho  cell  she  Is  approximately  .1  wavolength  over  tho  entire  surface.  As  was  oxpccted  with  those 
parameters,  tho  PO  solution  Is  very  close  to  tho  MOM  solution, 

PO  results  show  significant  deviation  from  MOM  results  for  structures  with  a  small  radius  ol 
curvature.  A  radius  of  1 0  wavolongths  exhib-’ts  a  boresight  error  of  tho  order  of  1 .5°.  Tho 
boroslght  error  Is  the  angle  botwocn  the  peaks  of  tho  scatlored  fields  for  tho  two  solutions. 

Thero  aro  significant  differences  between  the  PO  and  MOM  solutions  when  tho  sourco  Is 
within  2  X  from  tho  dielectric.  Thero  Is  a  slight  boresight  error  at  tho  peaks,  and  much  more 
deviation  away  from  tho  peaks. 

Similar  results  worn  obtained  (or  the  magnetic  lino  sourco  excitation, 

ormjjsicn 

Tho  problem  of  scattering  from  cylindrical  dielectric  structures  has  been  formulated  In  tho 
form  of  a  pair  of  coupled  Intogro-dillorontlal  equations  Involving  tho  equivalent  electric  and 
magnotlc  surface  currents.  Numerical  rosults  havo  boon  obtained  by  a  mothod-of-momonts 
(MOM)  solution.  Tho  MOM  computer  codo  has  been  validated  by  recognizing  that  tho  MOM 
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maul*  for  ihe  cSolectrlc  can  be  modified  to  generato  the  MOM  matrfct  lot  the  problem  of 
scattering  from  a  conductor  in  place  of  the  tfeiccule.  A  comparison  of  MOM  solutions  for  the 
equivalent  currents  and  the  scattered  field  with  similar  results  obtained  by  the  physical  optics 
technique  showed  that  the  tatter  Is  less  accurate  for  radius  of  curvature  loss  than  10  X ,  lengths 
less  than  6  X  and  a  source  to  scatteret  separation  less  than  2  X .  Also  the  P.O.  currents  have 
substantial  errors  near  the  edges. 
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Abstract 

Many  Problems  in  radar  scattering  and  antenna  design  involve  complex  material  objects 
made  of  conductors,  dielectrics  and  their  combination.  Analytical  solutions  arc  available  for 
only  a  few  special  geometries  and  almost  always  a  numerical  method  must  be  employed.  For 
die  solution  of  conducting  or  dielectric  bodies,  numerous  publications  are  available  in  the 
literature.  Tlic  solution  of  dieir  combination  however,  has  only  recently  received  attention,  and 
die  validation  of  dicse  techniques  is  an  important  topic.  In  dils  paper,  experimental  verification 
of  a  mcdiod  of  moments  program  (MBES)  fur  radar  cross  section  calculation  and  antenna 
analysis  is  presented.  The  electromagnetic  simulation  code  being  examined  is  a  program  for  die 
calculation  of  scattering  or  radiation  from  bodies  of  revolution,  which  can  consist  of  conduct¬ 
ing  or  lossy  dielectric  materials.  A  numerical  solution  Is  obtained  using  an  Integral-equation 
formulation,  for  which  several  different  forms  can  be  selected.  Numerical  and  experimental 
results  for  die  mono-static  radar  cross  section  calculation  of  conducdng  objects  partially  coated 
with  a  dielectric  material  will  be  presented,  dicse  Including  eases  where  the  dielectric  coating  Is 
lossy.  As  well,  results  calculated  using  die  impedance  boundary  condition  to  model  die  dielec¬ 
tric  coated  surface  will  be  examined, 

I.  INTRODUCTION 

Most  scattering  and  antenna  problems  Involve  material  objects  made  of  conductors, 
dielectrics  and  dieir  combinations.  When  die  object  shape  Is  complex,  an  analytic  solution  is 
not  usually  available  and  a  numerical  mcdiod  must  be  used.  Problems  Involving  cidicr  conduct¬ 
ing  or  diclccirie  bodies  have  been  studied  extensively  and  numerous  publications  arc  available 
In  die  literature.  However,  many  important  antenna  and  scattering  problems  Involve  combina- 
dons  of  conductors  and  dielectrics,  such  as  dielectric  loaded  structures,  microstrip  antennas,  or 
coated  objects.  For  conducting  bodies  of  revolution  Mautz  and  Harrington  [1J  have  provided 
dircc  different  moment  method  formulations,  called  E-field,  H-field  and  Combined-field,  and 
investigated  their  solution  accuracies.  Wu  and  Tsai  [2]  used  the  moment  method  to  solve  the 
scattering  from  arbitrarily  shaped  and  lossy  dielectric  bodies  of  revolution.  Shonly  after, 
Mautz  and  Harrington  (3)  solved  the  problem  of  homogeneous  lossy  bodies  using  the  Wu  and 
Tsai  formula,  which  they  named  PMCHW,  and  a  fonnulation  due  to  MQlicr.  More  recently,  the 
solutions  of  scattering  from  inhomogeneous  penetrable  bodies  of  revolution,  dielectric  coated 
conductors,  and  multiple  bodies  of  revolution  have  been  repotted  (4,5).  The  case  of  conduc¬ 
tors  with  partial  dielectric  coatings  was  investigated  by  Mautz  and  Harrington  [6]  in  investigat¬ 
ing  electromagnetic  coupling  problems.  Using  the  equivalence  principle,  they  have  suggested 
different  formulations  and  in  17]  have  wived  numerically  die  electromagnetic  coupling 
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problems  for  bodies  of  revolutions  by  a  formulation  called  E-PMCIIW.  Based  on  these  reiults, 
Klshk  and  Slufai  tS),  presented  various  formulations  for  the  solution  of  multiple  bodies  of 
revolution,  which  consisted  in  arbitrary  combination  of  conducting  and&r  dielectric  regions. 

The  multiple  body  electromagnetic  scattering  code  (MBES)  presented  In  tills  paper  Is  a 
method  of  moments  program  for  the  scattering  and  radiation  analysis  of  single  or  multiple 
objects  made  of  conductors,  lossy  dielectrics,  or  their  combination.  Tire  code  Is  specialised  for 
the  analysis  of  totatlonally  symmetric  geometries,  making  solutions  computationally  economi¬ 
cal,  and  thus  enabling  the  study  of  larger  and  more  complex  problems.  Both  multiple  dipole 
and  plane  wave  excitation  can  be  used  to  specify  Incident  fields.  The  former  allows  the  solu¬ 
tion  of  antenna  problems,  where  the  dipole  excitation  can  be  placed  either  Inside  or  outside  tin 
dielectric  region.  The  latter  allows  die  calculation  of  the  m  ooo-sutic  or  bi-statlc  radar  cross 
section  of  an  object.  The  code  Is  based  on  die  results  of  18),  where  by  applying  the 
coulvalencc  principle,  several  different  Integral  equation  formulation  types  are  possible.  Tills 
allows  the  selection  of  the  most  suitable  formulation  for  the  specific  problem  being  studied.  A 
comparison  of  these  formulations  for  tlte  solution  of  various  scattering  problems  lias  been 
examined  (8,9).  The  MBES  code  lias  been  used  for  lire  analysis  of  many  aniernu  geometries, 
these  including  dielectric  rod  antennas  (10),  circular  waveguide  feeds  (II),  and  mlerostrip 
antennas  (8),  as  well  as  for  the  solution  of  scattering  problems.  Tills  paper  will  concentrate  on 
the  experimental  verification  of  the  code  for  tire  mono-static  radar  cross  section  calculation  for 
conducting  bodies  partially  coated  with  lossless  or  lossy  dielectric  materials.  The  ability  to 
model  a  surface  using  the  impedance  boundary  condition  will  also  be  examined  and  compared 
to  the  experimental  results. 

2.  PROBLEM  FORMULATION 


Figure  I:  Scattering  geometry  with  conducting  and  dielectric  regions. 

Figure  1  shows  the  general  electromagnetic  problem  under  consideration,  wlierc  the 
object  consists  of  both  conducting  and  dielectric  regions.  The  surfaces  S„ .  S,j  and  SA  refer, 
respectively  to  the  boundaries  between  the  conductor  and  the  exterior  region,  conductor  and 
dielectric,  and  dielectric  and  exterior  region,  respectively.  VJ  Is  a  finite  volume  filled  with  a 
homogeneous  material  of  permittivity  c j  and  permeability  JO  and  bounded  by  the  two  surfaces 
Sjj  and  S(j.  Tlte  surface  Sci  may  consist  of  several  sub-surfaces,  to  represent  multiple  dielec¬ 
tric  and  conducting  Interfaces  as  well  as  conducting  bodies  Inside  the  dielectric.  I"  represents 
tlte  external  region,  with  permittivity  of  r,  and  permeability  of  (i,.  and  is  bounded  by  two  sur¬ 
faces  S&  and  Again,  the  surface  Sf.  may  consjst  of  several  sub-surfaces  for  tlte  modeling 
of  multiple  conducting  bodies.  Also,  £  ,  HJ  and  £',  //'  refer  to  die  field  vectors  within  die 
dielectric  and  the  exterior  region.  The  sources  of  the  electromagnetic  cxcitationarc  provided  by 
die  impressed  electric  and  magnede  currents  T7'  and  M*  In  V*  and  7U  and  Mu  in  VJ.  The 
problem  of  Figure  1  Is  a  general  one  since  It  can  be  used  to  represent  both  conducting  and 
dielectric  problems.  In  particular,  it  reduces  to  the  case  of;  scattering  from  a  dielectric  body, 
when  Sej  and  St,  vanish  and  S&  becomes  a  closed  surface:  scattering  from  a  perfect 
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conductor,  when  S,j  and  Sj,  vanish  and  becomes  a  dosed  surface;  scattering  from  a 
dielectric  clad  body,  when  Su  vanishes  and  StJ  and  Sj,  become  dosed  surfaces.  The  MBES 
program  assumes  all  surfaces  an:  rotational!)*  symmetric,  tints  representing  bodies  of  revolution. 

The  Integral  formulation  of  the  problem  Is  developed  by  spedfying  the  boundary  condi* 
dons  and  equivalent  surface  currents  at  the  conducting  and  dielectric  surfaces  as 


ft  X  EJ  «  0 

7a  -  ft  x7tJ 

on  Sa 

ftxE'  «0 

7„  « ft  x  17 

on  $(t 

ft  X  E*  «  ft  X  £' 

1 

tj,  «  ft  XH* 

On  Sj, 

X 

n! 

n 

X 

*1 

fit  ■  -  /?  X  £ ' 

where  ft  Is  the  outward  normal  on  each  surface  considered.  The  currents  7a,  l.  andj^,  are 
the  equivalent  decide  currents  on  eadt  respective  surface  and  M  is  live  magnetic  current  on  lire 
interface  surface  between  the  dielectric  and  the  exterior  region.  From  the  above  conditions,  tire 
following  set  of  equations  can  be  written 


ft  xEJ  (7a +7a  .M  )*  ft  xEJ  (J11 ,  M*1 ) 

just  outside  Sa 

(2) 

flXEJ(7a+7A  ,M)mftXEJ  (JU  ,MJ  ) 

just  outside  Sj, 

(3) 

-  ft  X  £*  (7t,  +  Jj,  ,  M  )  O  ft  X  £‘  (7*  ,  M-'  ) 
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(4) 

-  ft  XE*  (7"  +7*  ,M)»ltXE‘  (7*  ,M“) 

Just  Inside  Sj, 

(5) 

A*TiJ(7a+7jt  ,7i )«ftxli'1  (7*  ,J7“ ) 

Just  outside  Sa 

(6) 

ftxliJ  Ua+J*  ,M)*ft*tiU7\>iu) 
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(?) 

-ftxfi*  (J„  +7*  ,M)nf^xl^,  (7*  ,MU  ) 

Just  Inside  S„ 

(?) 

-  ft  xli*  (7„  +7*  ,a7 )~k  xlV  (7*  ) 

Just  Inside  Sj, 

0) 

where  £'(7.  M)  and  EJ(7,  M)  are  the  dearie  fields  due  to  currents/  and  M ,  ndjating  In  tire 
media  characterized  by  c,,  p,  andej,  |i^,  respectivdy.  lt‘(7,  M)  and  l!JU.  M)  are  the 
associated  magnetic  fields. 

The  dielectric  region  \,J  Is  defined  by  specifying,  the  relative  dielectric  constant 
n  c,i  -  Jrli,  wlrerc  0  Is  Use  relative  permittivity  and  c"  «  Ojlwc*  where  Oj  is  tire  con¬ 
ductivity  of  the  didcctric  region.  Tire  MBES  analysis  program  also  has  the  option  of  specifying 
the  surface  impedance  Z  for  ajsurface  in  the  exterior  region  S„,  Tliis  allows  tire  modeling  of 
lossy  conductors,  as  well  as  the  ability  to  model  lossy  didcctric  coatings  using  tire  impedance 
tpundSjy  condition.  Two  components  of  the  surface  impedance  can  be  specified, 
2«Z|(  +ZC0,  where  Z,  is  tire  axial  surface  impedance  and  Zt  is  the  azimuthal  surface 
impedance  as  Z,A  * (yap{/(<jf+ycuc{))’'J  (for  lossy  conductors). 

Observing  that  equations  (2-9)  arc  8  equations  with  4  unknown  field  vectors,  many 
different  solution  formulations  can  be  developed  by  considering  various  combinations  to  deter¬ 
mine  tire  unknown  currents.  Seven  different  combinations  arc  available  in  tire  MBES  analysis 
code,  these  being  denoted  as:  E-Field,  11-Ficid,  C-Field.  E-PMCHW,  E-MDl)cr.  H-PMCHW, 
and  H-M011er.  Tire  development  of  these  formulations  Is  discussed  in  (8,91.  For  perfectly  con¬ 
ducting  objects  the  above  sets  can  be  reduced  to  three  formulations,  namely,  E-field,  H-fidd 
and  C-field.  For  dielectric  objects  five  formulations  can  be  used;  tire  E-ftdd,  H-fidd,  C-fidd, 
PMCIIW,  and  the  MDllcr  formulations.  FOr  combinations  of  didcctric  and  conducting  bodies, 
and  apenure  coupling  problems,  all  seven  formulations  may  be  used.  The  user  has  the  option 
of  choosing  any  one  of  these  possible  formulation  types  in  the  MBES  program.  For  most 
applications  the  E-PMCHW  formulation  usually  gives  the  most  reliable  results.  However,  other 
foimulations  arc  better  suited  when  the  dielectric  constant  is  very  large  or  small  [8J. 
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Figure  2:  Roudonally  symmetric  body  geometry. 

A  moment  met) tod  solution  of  the  above  formulations  will  be  applied  to  rotational!)*  sym¬ 
metric  bodies  with  a  geometry  as  shown  in  Figure  2.  Tltc  reduction  of  integral  equations  to 
matrix  equations  involving  unknown  surface  currents  follows  tltc  procedure  well  known  for 
bodies  of  revolution.  Here,  both  electric  and  magnetic  surface  currents  are  decomposed  into 
tangential  components  as 

J(")-4/'(r4)  +  V*(r,$)  00) 

Af  (r)«(J,Af  (r,$)  +  0,AI»(r,$)  00 

where  i  and  $  arc  lire  unit  tangents  to  tire  body  and  I*  and  Af1,  M*  are  the  .current  com¬ 
ponents.  The  electric  current  7  exists  on  both  conducting  and  dielectric  surfaces.'but  Af  exists 
only  on  tltc  dielectric.  The  surface  current  Is  then  expanded  using  a  discrete  Fourier  basis  in 
tltc  azimuthal  dimension  and  a  triangle  function  basis  along  die  generating  contour  for  tltc 
body.  To  this  extent,  tltc  total  generating  curve  of  all  bodies  is  sub-divided  into  Nc  segments 
and  that  of  dielectrics  into  Nd  segments,  so  that  tltc  surface  currents  can  be  represented  as 

Ml  fie 

J  (7)  -  L  Z  /v  J‘j  04)  A  +  /.5  J?j  04)  A*  02) 

•■ony.i 

_  WJ  fit'fiJ 

Af  (~)  -  Jl,  Z  Z  (13) 

««M I  Jmfitf  1 

where  J'm],  J%,  A*^,  A'„°  are  expansion  functions  defined  as 

Ki,  »  K*  a  fjd)  (H) 

Azimutltal  modes  in  tltc  range  Af  1  in  SA/2  are  used  to  represent  the  surface  currents  in  the 

azimuthal  dimension.  Tltc  number  of  modes  can  be  specified  in  U*c  code.  Tltc  unknown  current 
coefficients  Hi,  lfr  A/i^Af,^  are  dcteimined  by  choosing  an  appropriate  inner  product  and  a 
set  of  testing  functions  rei  and  Wjf  defined  as 

Wli"0,fi  Me"*  .  Pjf-^/iO)^*  05) 

By  applying  the  moment  method,  with  die  chosen  expansion  (12,13)  to  die  desired  integral 
equation  formulation,  the  current  coefficients  can  be  determined  in  die  general  matrix  form 

06) 

where  is  a  square  matrix  representing  die  impedance  and  die  admittance jub-mairiccs,  /„  if. 
a  column  matrix  for  die  unknown  expansion  coefficients  of  7  and  Af,  and  V,  is  die  excitation 
column  matrix. 

The  MBES  code  allows  two  types  of  excitations;  plane  wave  or  multiple  dipole.  The 
excitation  matrix  for  plane  wave  incidence  can  easily  be  determined.  For  an  electric  dipole  in 
die  region  q,  die  excitation  matrix  can  be  determined  from  die  vector  poiemials 
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and  /i,0}  Is  the  spherical  Hxnkcl  function  of  the  second  kind  and  zero  order  and  /7  Is  the  dipole 
moment  with  an  arbitrary  orientation.  The  Inner  products  of  £**  and  //***  with  testing  func¬ 
tions  %  provide  the  elements  of  die  excitation  matrix  (VJ  for  cadi  formulation. 

After  filling  the  Impedance  matrices  |7",]  arxl  the  excitation  matrices  (V7)  of  cqunicn 
(16)  for  each  of  Use  desired  modes,  the  currents  7  and  M  on  the  su?faccs.of  the  conducting 
and  dielectric  regions  can  be  solved  for.  Once  the  Induced  currents  J  and  Af  are  determined, 
die  far  field  components  Ef*  and  Ef*  at  die  point  (r(,  0,,  t«)  can  be  calculated  as 
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wlicrc.  S  Is  die  surface  of  die  object,  Is  a  unit  vector  In  die  direction  from  die  origin  of  die 
coordinates  to  die  field  point,  7*  Is  die  positional  vector  of  die  source  point  (x\y\i’)  on  die 
body  and.  Qt  and  arc  unit  vectors  In  die  direction  of  0  and  $,  respectively.  Note  dial,  ££■" 
and  £{“"  are  die  scattered  fields  If  the  excitation  source  is  in  the  exterior  region,  and  are  die 
total  fields  if  die  source  is  looted  In  the  Interior  rcgton.  The  bi-static  radar  cross  section  can  be 
determined  form  the  scattered  fields  as 
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for  £«*  (0^  ,6*0)  (21) 
for  £^,^0)  (22) 


Note  that  for  die  mono-static  backscattering  ease,  a»*(0«0^,^0)«o#|(0=0J<,6»0)*0. 
The  near  fields  £?•*'  and  ££",  can  also  be  determined  by  die  MBES  analysis  program  by 
direct  Integradon  of  the  the  surface  currents  on  die  exterior  bodies. 


3.  PROGRAM  DESCRIPTION 

The  MBES  analysis  code  Is  divided  Into  dues  distinct  programs;  one  performs  the 
geometry  entry  function,  one  petfomts  die  numerical  simulation,  and  one  displays  die  com¬ 
puted  results  (12].  The  geometry  entry  program  is  a  two-dimensional  editor  allowing  die 
graphical  entry  of  the  scattering  stmciurc  geometry  as  shown  in  figure  3a).  Since  only  rota- 
tionally  symmetric  bodies  are  considered,  die  generating  contour  for  die  structure  Is  adequate  to 
completely  specify  die  object.  A  variety  of  mouse  and  menu  options  are  «scd  to  enter 
geometrical  data  as  well  as  excitation  information,  such  as  the  number  of  aximudiai  modes 
desired  and  die  formulation  type  to  be  used.  Segmentation  of  die  generating  contour  for  die 
triangle  basis  expansion  is  also  performed  graphically.  Once  the  object  is  created,  a  three- 
dimensional  plot  of  die  completed  structure  can  be  made  as  shown  in  figure  3b).  The  output 
of  die  editor  produces  an  ascii  data  file  (similar  to  die  form  used  by  NEC)  describing  the  struc¬ 
ture  geometry  and  desired  excitation.  The  simulation  program  accepts  die  geometry  input  data, 
checks  its  validity,  and  then  implements  the  moment  method  solution  of  the  problem  as 
described  in  the  previous  section.  Resulting  ndiatcd/scattercd  fields  as  well  as  induced  surface 
currents  on  die  scattering  object  can  be  produced  for  examination.  These  computed  results  can 
be  displayed  in  a  variety  of  grapliical  ways.  The  radiated  fields  (or  radar  cross  section  results) 
can  be  examined  using  a  two-dimensional  canesian  or  polar  display,  or  using  a  three- 
dimensional  cartesian  or  spherical  display  as  shown  in  figures  3c, d).  The  electric  or  magnetic 
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surface  current*  (7,  £7)  Induced  on  the  surface  of  the  object  can  ibo  be  examined  using  a 
Oircc-dimensforul  cartesian  display,  where  one  axis  U  the  ax  font  0&!  angle  $  and  the  other  1$ 
the  position  along  the  generating  contour,  or  by  using  the  dwc-dlmcnsloru)  display  of  Ok 
object  as  was  shown  In  figure  3b),  where  Ok  degree  of  shading  Indicates  Ok  magnitude  of  Ok 
cutrtnt.  Total  or  individual  mode  result*  are  available  for  observation. 


Figure  3:  Geometry  entry  and  output  display  method. 


4.  NUMERICAL  AND  EXPERIMENTAL  VERIFICATION 

The  MDES  analysis  code  has  previously  been  verified  to  some  degree  by  comparison  to 
various  special  geometries  for  which  analytical  solutions  exist,  Oiese  specifically  being  conduct- 
fog  sphere  and  coated  sphere  type  structures  (8,9).  Results  presented  In  Oils  paper  will  concen¬ 
trate  on  Ok  comparison  of  the  numerical  and  experimentally  generated  results  for  Ok  radar 
cross  section  analysis  of  various  conducting  objects  coated  wiUi  lossless  and  lossy  dielectric 
materials.  Experimental  work  was  performed  at  MIT  Lincoln  Laboratory.  In  all  eases  Ok 
mono-static  radar  cross  section  Oj,«(0 yAs  and  o^(0y?.:  was  measured.  The  experimental  and 
numerical  results  for  four  test  objects  arc  given  in  figures  4-7.  These  cases  Include  two  loss¬ 
less  and  two  lossy  dielectric  coated  configurations. 
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Figure  5:  Teflon  coaled  conducting  cone  with  the  lip  exposed 


11k  flm  geometry  considered  Is  Out  cf  a  sphere  Upped  conducting  cone  partial!)*  covered 
widt  a  teflon  coating  as  sho**n  In  figure!  4a),  5a).  TIk  teflon  coating  (r,  »2,Q5)  1*  assumed  to 
be  lossless  at  Uk  chosen  operating  freoueney  of  *GIU.  To  srudy  Uk  effect  of  the  coating  on 
the  radar  cross  section,  two  configurations  were  examined;  one  ease  with  the  tip  of  the  cone 
coated,  and  one  ate  with  the  tip  of  the  cone  left  uncoated.  The  numerical  results  generated 
using  the  MOOS  simulation  program  utilised  the  E-PMCHW  formulation  In  all  care*  and  the 
number  of  arimuthal  mode!  were  chosen  as  the  rum  of  n  *«  0, 1, 2, 3, 4.  Selected  ex  penmen- 
tal  and  numerical  results  are  shown  In  figures  4b)  and  5b).  The  figures  Indicate  a  good  agree* 
ment  at  all  angles  of  Incidence,  with  the  largest  discrepancies  occurring  for  the  cM  results. 

To  examine  the  validity  of  the  simulation  cede  when  lossy  dielectric  materials  sre  con¬ 
sidered,  Uk  ease  of  a  conducting  cylinder  with  its  sides  coated  by  a  lossy  dielectric  was  studied 
as  shown  in  figures  6a),  7a).  Two  different  miterial  types  and  thicknesses  were  considered;  a 
d.Smm  coating  with  f,»  1,757-/1^69  (Emerson  and  Cummings  Ochosorb  10*22),  and  a 
Uroro  coating  with  r,  —35.2-y2S.6S  (Ochosorb  vr*60),  at  the  operating  frequency  of 
\3Glti.  Again  the  E-PMC11W  formulation  was  used  and  the  number  of  Mirnudul  modes 
chosen  as «  «0, 1,2,3, 4.  Selected  experimental  and  numerical  results  are  shown  In  figures 
6b)  and  7b).  The  results  show  a  good  agreement  for  both  polarisations,  with  the  best  results 
for  Uk  lower  loss  (thicker  dielectric)  ase.  Discrepancies  for  scattering  angles  near  0  ->  0*  in 
figure  7  may  be  due  to  errors  at  the  Interface  between  the  conductor  and  dielectric  regions,  as 
well  as  the  modeling  of  the  cylinder  edge. 

In  many  cases,  such  as  when  lossy  conductors  or  vet)*  lossy  dielectric  materials  arc 
present,  an  Impedance  boundary  condition  (1BC)  approach  can  be  utilised  to  model  the  scatter¬ 
ing  structure.  11k  approach  greatly  simplifies  Ok  computational  complexity  of  Ok  problem 
since  Ok  fields  inside  Ok  dielectric  region  do  not  have  to  be  directly  solved  for.  Figure  Sa) 
compares  Ok  results  of  Ok  IOC  approach  to  Ok  experimental  results  for  Ok  coated  cylinder 
ease  of  figure  7.  The  surface  Impedance  along  Ok  side  of  Ok  cylinder  was  determined  using  a 
transmission  line  assumption  as  2*^*15.76*162.4.  The  surface  Impedance  at  Ok  perfectly 
conducting  ends  was  specified  as  ZM*0.0+/0.0.  There  is  a  large  difference  between  Ok 
results  except  for  scattering  angles  near  0  »  90*  (perpendicular  to  Ok  cylinder).  Much  of  Oils 
error  may  be  caused  by  Ok  modeling  of  Ok  Interface  between  Ok  lossy  and  perfecOy  conduct¬ 
ing  regions  at  Ok  conductor  edge.  To  examine  this  possibility,  figure  Sb)  compares  results  of 
Ok  IBC  approach  to  d»sc  calculated  numerially  for  Ok  ease  when  Ok  cylinder  Is  complexly 
coated  by  Ow  lossy  dielectric  (sides  plus  ends  are  coated).  These  results  slow  a  large 
Improvement  In  Ok  validity  of  Ok  IBC  meOiod,  even  Oiough  there  are  sdll  discrepancies  for 
scattering  angles  Incident  at  Ok  cylinder  edge  0  «  45*. 


I  rwr« 

Figure  S:  Examination  of  Ok  IBC  approach  for  a)  a  panially  coated  cylinder 
and  b)  a  completely  coated  cylinder. 
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5.  CONCLUSIONS 

TIk  experimental  end  numerical  results  presented  showed  that  the  moment  method 
arproidt  wit  accurate  for  the  arodyrls  of  partially  coated  conducting  object*  even  when  the 
dielectric  material  w«  tossy.  TIk  Impedance  boundary  condition  approach  was  to  give 
fair  results  when  very  tossy  materials  arc  used,  but  lud  difficulty  modeling  sharp  transitions  In 
die  Impedance  along  the  structure  surface. 
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Abstract:  Self  and  mutual  adrttittanecs  of  rectangular  apertures  on  a  body  of  revolution  (BOR) 
are  calculated  using  different  surface  integral  equation  formulaiifos,  solved  by  the  method  of 
moments.  Tito  CHE,  CS1G  and  pscudo-mtagc/CSIE  formulations  arc  compared  as  to  their 
abilities  to  accurately  calculate  admittance,  for  self  admittance,  and  adntiitancc  of  closely-spaced 
slots,  the  pscudo-intage  formulation  proved  most  accurate. 


1.0  Introduction 


Radiation  and  scattering  solutions  Involving  slots  (apertures)  on  a  general  body  can  be 
formulated  using  a  network  approach  (Harrington,  1976).  The  region  outside  the  apertures  is 
electrically  Isolated  from  the  region  Insitlc  by  covering  each  aperture  with  an  unknown  ntagnetlc 
current  backed  by  a  perfect  conductor.  The  boundary  condition  on  tangential  magnetic  field 
through  the  aperture  leads  to  an  operator  equation  for  the  ultimate  solution  for  the  magnetic 
current,  A  key  pan  of  this  formulation  is  the  calculation  of  admittances  between  the  basis 
functions  of  tin:  unknown  magnetic  currents  as  they  radiate  Into  cither  electrically. isolated  region. 
Accuracy  in  the  admittances,  especially  in  the  self-admittances,  is  very  Important  In  obtaining  a 
meaningful  solution  for  the  unknown  aperture  magnetic  currents. 

This  paper  Investigates  the  calculation  of  admittance  between  aperture  magnetic  currents 
(in)  on  a  body  of  revolution  (BOR),  Our  general  approach  to  the  calculation  of  admittance  Is  as 
follows.  Because  the  generality  of  the  BOR  does  not  allow  an  analytical  (separable)  solution,  we 
use  surface  Integral  equations  to  formulate  either  a  scattering  problem  (m  is  a  known  source)  or 
an  aperture  radiation  problem  (E  ■  n  x  m  Is  a  known  boundary  condition).  The  method  of 
moments  is  then  used  to  accomplish  die  calculation  of  admittance.  The  focus  of  this  paper  is  to 
compare  admittances  calculated  with  the  following  different  integral  equation  formulations: 

(1)  combined-field  integral  equation  (CFIE)  (Mautz,  1977), 

(2)  combined-source  integral  equation  (CSIE)  (Mautz,  1979),  and 

(3)  pseudo-tmagc/combined-source  integral  equation  (PJ/CS1E)  (Harrington,  1985). 
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Section  2.0  will  describe  the  geometry  of  the  problem  considered  In  this  paper  and  Section 
3.0  will  define  each  of  the  above  integral  equation  formulations  as  to  how  they  are  used  for  the 
calculation  of  admittance.  Numerical  results  arc  presented  in  Section  -i.Q. 

By  the  discussion  of  the  formulations  and  the  numerical  results,  we  hope  to  demonstrate 
the  following  main  points.  The  CF1G  and  CSIE  formulations,  as  defined  here,  produce  identical 
results  for  admittance  and  have  identical  mathematical  complexity  in  their  solutions.  Thus,  there 
is  no  inherent  advantage  of  one  versus  the  o<hcr.  The  pseudo-image  formulation  is  more 
complex  since  it  requires  an  additional  numerical  integration  of  a  separate  operator.  All  three 
formulations  were  equivalently  accurate  for  mutual  admittance  of  widely-spaced  slots,  I  lowcvrr, 
the  pseudo-image/CS!E  formulation  produces  superior  results  for  self  admittance  and  mutual 
adntittance  of  closely-spaced  slots,  both  In  terms  of  accuracy  and  in  solution  convergence 
bchavio'  These  conclusions  about  the  pseudo-image  formulation  are  consistent  with  those 
discussed  previously  by  Harrington  (19S5). 

2.0  Geometry  and  Formula  for  Admittance 

figure  1  illustrates  the  basic  geometry  of  the  slot/BOR  problem,  considered  for  the  results 
of  this  paper.  The  slot  magnetic  currents  reside  on  a  perfectly-conducting  BOR  surface  which  is 
defined  by  an  arbitrary  generating  contour.  All  solutions  arc  time  harmonic  (oJ6#  dependence). 

magnetic  current  basis  functions 
(for  a  network  solution  which 


Figure  1.  Aperture  magnetic  currents  on  a  conducting  BOR. 
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figure  2  Illustrates  the  definition  of  a  conformal  slot  aperture  on  a  BOR  surface.  The 
apertures  are  defined  In  a  plane  and  then  the  points  are  projected  down  along  lines  parallel  to  the 
unit  normal  at  the  BOR  slot  location.  Slot  basis  functions  are  also  defined  In  the  plane  and 
projected  down  onto  the  BOR  surface. 


Figure  2.  Definition  of  a  rectangular  aperture  on  a  surface  of  revolution. 

Let  ma  and  m^  be  two  different  (or  the  same)  known  magnetic  currents  on  the  BOR 
surface.  The  admittance  can  be  expressed  as  a  reaction  Integral: 

Yrc?  -  -<ma,Ilf(ttip)>  (l) 

where  <a,b>  denotes  the  surface  Integral  of  a*b,  and  Hr(mjj)  denotes  the  H-ficld  operator  for  n>£ 
radiating  into  region  r  in  the  presence  of  its  boundaries  and  materials.  Thus,  for  our  problem, 
region  r  represents  the  entire  region  outside  the  BOR  conducting  body.  Our  choice  of  m  is 
related  to  the  normal  mode  electric  field,  E,  of  a  waveguide  having  the  same  shape  as  the  aperture 
by  m  ■  E  x  n,  where  n  Is  the  outwaid  unit  surface  normal. 

3.0  Surfac'  Integral  Equation  Formulations  for  Slot  Admittance  Calculation 

In  this  section  we  briefly  describe  the  tliree  surface-integral-cquation  approaches  which 
will  be  compared  for  their  calculation  of  admittance,  figure  3  illustrates  the  formulations 
considered  In  this  paper  in  terms  of  the  equivalence  principle.  In  each  ease  illustrated  in  fig.  3, 
the  inhomogeneous  scattering  problem  is  cast  in  terms  of  an  equivalent  problem  having  known 
(mjj  and/or  m^”*)  and  unknown  (J,M)  sources  radiating  into  an  infinite,  homogeneous  medium. 
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Koto  that  J  ttxl/oc  M  In  each  formulation  is  different  from  (hose  of  the  others. 


i 


I 


original  problem  equivalent  problem 


Figure  3.  Formulations  In  terms  of  the  equivalence  principle. 


Table  1,  below,  summarises  the  boundary  conditions,  equivalent  currents  and  sources  for 
the  three  integral  equation  formulations  used  in  this  paper  to  calculate  admittance. 

Table  1.  Three  boundary.condltlon  formulations  for  the  admittance  problem. 


formulation, 
type  source 

boundary  condition 
(on  total  fields) 

equivalent  currents 
(electric, magnetic) 

CF1E 

scattering 

(K)Ew  +  CqnxH 
■  0  on  S" 

(J.O) 

CSIE 

aperture 

radiation 

Vnxm{, 

on  S* 

(IK)J.Snnxj) 

a 

scattering 

% 

E.*0  on  S* 

un 

tel 

+  (O.mjj ) 

£  « scalar  weighting  coefficient 

q  «  wave  impedance  of  homogeneous  medium  outside  conductor 
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As  defined  in  Table  1,  the  CSIE  ami  CF1E  operators  arc  adjoints  of  each  other  (Herdn 
1984  and  Mama,  1979).  lire  C  IE  is  the  typically-used  null-field  formulation  which,  for  perfect 
conductors,  uses  only  an  equivalent  electric  source  (J)  to  formulate  the  Integral  equation. 
Boundary  conditions  on  a  combination  of  electric  (E)  and  magnetic  (l  I)  fields  are  enforced  just 
inside  the  conducting  surface  (outside  the  region  of  interest  for  field  evaluation),  denoted  as  S'. 
Here,  we  define  the  weighting  coefficient  £  such  that  it  is  varied  from  0  (UF1E)  to  1  (MFIE).  Hie 
CSIE  uses  a  combination  of  '.quivalcm  electric  and  magnetic  (M)  sources  with  the  boundary 
condition  on  E  being  enforced  just  outside  the  conductor  (just  inside  the  region  for  field 
evaluation),  denoted  as  $+.  Again,  we  define  the  weighting  coefficient  (,  such  that  it  is  varied 
from  0  (ES1E)  to  1  (MS1E).  ‘flic  CSIE  can  be  used  as  either  a  scattering  formulation  (m  is  a 
known  source)  or  an  aperture  radiation  formulation  (E  «  n  x  m  is  a  known  boundary  condition). 
For  this  paper,  we  use  the  aperture  radiation  formulation  for  calculation  of  admittance,  except 
when  a  pseudo-image  is  used  as  pan  of  the  CSIE  equivalent-current  set. 

The  pscudcvimagc/CSIE  (PI/CSIE)  is  a  variation  of  the  CSIE.  The  pseudo-image  (denoted 
as  m(m)  Is  a  magnetic  current  identical  to  the  source  magnetic  current,  and  is  placed  just  oil  the 
other  side  of  the  conducting  surface  upon  which  the  source  resides  (Harrington,  1985).  mim  Is 
pan  of  the  equivalent  current  set  of  the  BOR  problem,  the  remaining  pan  being  the  unknown 
BOR  equivalent  currents  that  are  solved  for  using  the  method-of-momems.  Since  mlm  is  known, 
it  forms  pan  of  the  source  rector  in  the  operator  equation.  Titus  the  PI/CSIE  operator  is  the  same 
as  the  CSIE  operator. 

We  can  now  specialise  our  formula  for  admittance  (Eq.  1)  in  terms  of  the  equivalent 
currents  of  the  above  described  integral  equation  formulations: 


CHE 

YToSB*<ma’Jxn> 

(2a) 

CSIE 

Yrop«-<mtt.  H(J,M)> 

(2b) 

PI/CSIE 

Y^  =  -  <  ma  ,  H(J,M)  >  - 

<rna,  H(mplny)> 

(2c) 

where  site  HQ  operators  are  infinite-medium  operators.  Again  note  that  J  and/or  M  in  each  of  the 
above  formulations  are  different  from  each  other.  To  evaluate  admittance  in  Eqs.  2,  the  method 
of  moments  is  used  to  obtain  an  approximate  solution  for  the  unknown  equivalent  currents, 
(J,M).  For  our  BOR  solutions,  we  use  refined  versions  of  the  Mams  (1977)  codes. 
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Some  commons  about  Eqs.  2  are  In  order.  The  CP1E  (Oq.  2a)  appears  to  be  the  simplest 
formulation  since  one  directly  tots  the  equivalent  electric  current  while  in  the  CSIE  (Eq,  2b),  the 
testing  vectors  arc  determined  from  integral  operators  on  the  equivalent  currents.  I  iowever,  since 
the  source  vectors  to  the  COE  arc  adjoints  of  the  CSIE  testing  vectors  and  the  source  vectors  to 
the  CSIE  arc  adjoints  of  the  CP1E  testing  vectors,  the  two  formulations  actually  have  identical 
computational  complexity  for  the  calculation  of  admittance.  Owing  to  the  adjoint  relationship  of 
the  operators  and  that  the  same  moment-method  matrix  operators  arc  used  to  construct  each 
solution,  we  expect  that  the  CP1E  and  CSIE  formulations  should  give  identical  results  for 
calculated  admittances.  This  docs  indeed  turn  out  to  be  the  ease. 

The  formula  for  admittance  using  the  PI/CSIE  formulation  (Oq.  2c)  is  fundamentally 
different  from  the  other  two.  The  admittance  is  the  sunt  of  two  parts,  one  pars  being  calculated 
from  the  rocthod-of-momcnts-dcrived  equivalent  currents  (J,M)  and  the  other  pan  being  due  to 
rn  and  m,m  radiating  into  infinite  medium,  litis  latter  pan  is  a  direct  numerical  integration  which 
is  inherently  more  accurate  than  the  momcru-mcihod-dcrivcd  equivalent  currents.  Generally,  the 
slots  are  placed  on  a  smooth,  convex  surface  having  radii  of  curvature  large  compared  to  the  slot 
dimensions.  When  the  radii  of  curvature  become  larger  and  larger,  the  source  vector  to  the 
PI/CSIE  moment-method  problem  (due  to  m  and  mim)  gets  smaller  and  smaller.  Tills  tends  to 
allow  the  second  term  of  the  right-hand  side  of  Oq.  2c  to  dominate  the  solution.  Eventually,  as 
the  radii  of  curvature  approach  infinity,  the  complete  solution  for  admittance  is  given  by  the 
second  term  on  die  right-hand  side  of  2c  which  reduces  to  the  infinite-ground-plane  formula. 

One  can  now  sec  why  the  pseudo-image  formulation  is  expected  to  give  superior  results 
for  self  admittance  and  admittance  of  closciy-spaccd  slots  over  either  the  CPIE  or  CSIE 
formulations.  Momcnt-mcihod-derived  equivalent  currents  have  their  own  inherent  degree  of 
accuracy  which  Is  complicated  by  testing  in  the  iisar-ficld  of  the  source  excitation.  Tins  is 
especially  true  for  calculating  slot  self-admittance.  mim  removes  the  singular  nature  of  the 
near-fields  due  to  m  ,  the  true  source  to  the  moment-method  problem.  Thus,  when  tlte  slot 
"sees"  a  locally  flat  or  ncarly-flat  surface,  the  direct  numerical  integration  part  of  admittance  will 
dominate  the  soludon,  improving  accuracy. 
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4.0  Numerical  Results 


In  this  section  we  present  numerical  results  for  admittance  of  rectangular  slots  on  a 
conducting  DOR.  We  will  compare  the  CSIE  (aperture  radiation  formulation)  to  the  P1/CS1G 
(scattering  formulation).  When  viewing  the  results,  keep  in  mind  that  the  CF1E  results  arc 
always  identical  to  the  CSIE  results  when  the  weighting  coefficients  and  moment-method 
parameters  are  chosen  to  be  the  same,  in  one  of  the  examples,  a  short  table  is  included  which 
demonstrates  this  point. 

The  following  geometries  arc  considered: 

1 .  rectangular  slots  on  a  “simulated  cylinder1*  *  a  section  of  a  conducting  cylinder  with 
large-radius  spherical  end  caps. 

2.  rectangular  slots  on  a  “simulated  ground  planc“  •  a  fiat,  thick,  circular  disk  with  a 
largc-nid'us  (I  •wavelength)  end  termination. 

The  above-described  geometries  arc  chosen  for  two  reasons.  First,  there  are  many 
solutions  for  admittance  of  slots  on  conducting  cylinders,  both  of  large  and  relatively  small  radii 
of  curvature  and  for  slots  on  an  infinite  ground  plane.  Titus  these  geometries  allow  independent 
comparisons  for  our  momcnt-mcthod-dcrivcd  admittances.  Secondly,  it  will  be  shown  that  the 
solution  behavior  of  the  two  eases,  when  using  the  BOR  CSIE  to  calculate  admittance,  is 
strikingly  different  -•  the  admittance  solutions  for  slots  on  a  cylinder  will  be  shown  to  be  much 
less  sensitive  than  for  slots  on  the  fiat  pan  of  die  simulated  ground  plane. 

The  magnetic  current  basis  and  testing  function,  m,  for  all  numerical  examples  is  that 
associated  with  the  TE l0  normal-mode  E-field  of  a  rectangular  waveguide  having  the  same  shape 
as  the  slot.  m°nxE,  where  n  is  the  outward  unit  surface  normal.  The  m's  satisfy  the 
normalization: 

Jma-mpda  »  5op  (3) 

•tel 

Although  our  computer  codes  have  been  written  to  allow  multiple  normal  modes  in  each  slot,  it 
has  not  been  investigated  as  to  whether  this  method-of-moments  approach  to  calculating 
admittance  is  practical  for  the  higher-order  modes,  li  probably  is  not,  due  to  the  rapid  spatial 
variation  of  the  higher-order  modes. 
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The  geometry  of  the  simulated  cylinder  is  Indicated  below  In  Figure  4.  The  end  cap 
terminations  arc  greater  than  l  wavelength  from  any  slot. 


(infinite 
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Figure  4.  Geometry  of  the  "simulated  cylinder". 


Figure  5  compares  mutual  admittance  solutions  of  our  integral  equation  formulations  to  an 
exact  modal  solution  for  an  infinite  cylinder  from  the  Conformal  Array  1  handbook  (1981).  Tire 
dashed  line  indicates  the  modal  solution  and  the  dots  represent  cither  the  CSIE  or  the  PI/CSIB 
which,  for  this  example,  always  agreed  to  within  1%  of  each  other  when  the  1),  the 
moment-method  segmentation  and  number  of  Fourier  modes  used  in  each  solution  was  the  same 
(00.5, 10  triangles/?,  and  20  Fourier  modes  for  Fig.  5).  For  this  geometry,  the  solutions  were 
not  particularly  sensitive  to  C  -  any  value  from  0  to  1  gave  results  within  a  couple  percent  of  each 
other  (although  using  values  associated  with  the  ES1B  and  MS1E  arc  risky  for  large  bodies  since 
spurious  interior  resonances  can  contaminate  the  solutions).  For  our  applications,  the  accuracy 
indicated  in  Fig.  5  is  adequate  for  mutual  admittances.  Thus,  there  is  no  advantage  of  the 
PI/CS1E  formulation  for  this  case  and  the  extra  complications  in  the  formulation  actually  make  it  a 
disadvantage. 


Figure  6  compares  PI/CSIE  solutions  (calculated  with  10  trianglcs/wavclcngth,  £=0.9)  for 
self-admittance  to  published  data  (Bird,  1988)  for  a  rectangular  slot  on  a  cylinder  oriented  at 
various  angles  with  respect  to  the  cylinder  axis.  The  dots  represent  the  published  data,  which 
were  picked  off  die  curves  of  the  paper.  Generally  the  results  compare  very  well  and  the  minor 
variations  could  be  due  to  a  number  of  reasons,  such  ns:  (1)  differences  in  the  definition  of  the 
slot  on  the  conformal  surface,  (2)  a  slight  effect  of  the  simulated  cylinder  end  cap,  or  (3) 
approximations  in  the  published  data  due  to  the  use  of  GTD  for  the  solutions. 
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Figure  5.  Mutual  admittance  of  widely-spaced  rectangular  slots  on  cylinder: 
Comparison  of  moment  method  solutions  to  cylinder  modal  solution. 
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Figure  6.  Comparison  of  PI/CSIB  solutions  to  published  data  for 
self  admittance  of  rectangular  slot  on  cylinder. 


Tabic  2,  below,  lists  results  from  the  two  formulations  for  a  longitudinal  slot  and  a 
circumferential  slot  on  a  cylinder  (same  geometry  as  in  Figure  6).  Also  included  are  results  from 
the  PJ/CSIE  formulation.  All  calculations  used  10  triangles  per  wavelength  and  21  Fourier 
modes  (more  than  enough  Fourier  modes  needed  for  convergence). 


Table  2.  Self  Admittance  (Y)  of  Rectangular  Slot  on  Cylinder, 
Calculated  Using  Different  Formulations 

slot  length  -  0.79  slot  width  ■  0.395 

wavelength  ■  1 ,0  cylinder  radius  ■  1 .0 


c 

CP1E 

CSIE 

P1/CS1U 

Rc(Y) 

lm(Y) 

Rc(Y)  lm(Y) 

Rc{Y) 

MY) 

(axial  slot) 

0.0 

.1731E-02 

.8329E-03 

.1734E-02  .8329E-03 

.174SE-02 

.83020-03 

0.5 

.1759E-02 

.8191E-03 

.17590-02  .81910-03 

.1739E-02 

.8203E-03 

0.9 

.17490-02 

•79S0E-O3 

.17490-02  .7980E-03 

.1746E-02 

.82300-03 

1.0 

•  1750E-02 

.80250-03 

.17500-02  .8025E-03 

.1749E-02 

.83130-03 

(circumferential  slot) 

0.0 

.2055E-02 

.72520-03 

.2055E-02  .72520-03 

.2087E-02 

.7012E-03 

0.5 

.2087E-02 

.70990-03 

.20S7E-02  .7099E-03 

.2054 E-02 

.6959E-03 

0.9 

.2Q76E-02 

.68250-03 

.20760-02  .68250-03 

.20680-02 

.68800-03 

1.0 

.2076E-02 

.68280-03 

.20760-02  .68280-03 

.2073E-02 

.69380-03 

'Hie  data  above  demonstrate  earlier  assertions  that  the  CF1E  and  CSIE  give  identical  results 
for  admittance,  when  £  and  other  parameters  (such  as  moment-method  segmentation)  arc  the 
same.  This  occurred  for  all  eases  compared.  Also,  the  Pi/CSIE  results  exhibit  smaller  variations 
with  £,  especially  in  the  reactive  part  of  admittance.  This  is  probably  a  consequence  of  Taster 
convergence  of  solution,  as  will  be  demonstrated  in  the  next  two  figures. 

Relative  to  the  PI/CSIE  results  of  Fig.  6,  convergence  of  the  moment-method  solutions  is 
examined  in  Figures  7  and  8.  In  Fig.  7,  the  number  of  triangles  per  wavelength  is  varied  from  2 
to  10  and  the  average  percent  deviation  from  the  converged  solution  is  plotted  (seven  slot  tilt 
angles  from  0  to  90  degrees  was  used  for  this  average).  The  convergence  behavior  of  the 
Pl/CSIE  is  seen  to  be  superior  to  die  CSIE,  especially  in  the  reactive  part  of  admittance. 
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ADMITTANCE  {mhos)  ADMITTANCE  (mhos) 


Figure  7.  Convergence  with  Increasing  triangle  functions 


Figure  8.  Convergence  with  increasing  Fourier  mode 
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fn  Fig.  S,  the  real  part  of  admittance  in  both  solutions  converges  after  the  ka+lst  Fourier 
mode  -  which  is  similar  to  convergence  behavior  for  plancwavc  scattering  from  a  BOR.  The 
convergence  behavior  for  the  reactive  part  of  self  admittance  is  very  different  for  the  two 
solutions.  The  Pl/CSIE  solution  appears  to  converge  at  nearly  the  same  rate  as  in  the  real  part  of 
admittance  while  the  CS!E  solution  is  much  slower  to  converge.  Tills  beltavior  represents  a  vet)1 
big  computational  advantage  for  using  the  Pl/CSIE  formulation;  i.c,,  limiting  the  number  of 
Fourier  modes  needed  in  the  solution. 

Figure  9  illustrates  the  geometry  for  slots  on  the  simulated  ground  plane.  Hie  slots  arc 
located  on  the  flat  portion  of  the  circular  disk  and  the  termination  of  the  disk  is  smooth, 
minimising  effects  of  scattering  off  the  edge  of  the  disk  In  the  solutions. 


g&ttuinj:  satouto 

comsur  Qau£ni£ii 


Figure  9.  Geometry  for  slots  on  simulated  ground  plane. 

Table  3  on  the  nest  page  compares  the  PI/CS1E  and  CSIE  results  to  the  infinite  ground 
plane  solution  (Rogers,  1988).  As  expected,  the  Pl/CSIE  results  compare  quite  well,  especially 
for  self  admittance.  The  very  small  deviations  are  those  that  might  be  expected  due  to  scattering 
off  the  rounded  edges  of  the  disk.  Since  the  Pl/CSIE  solutions  converged  very  fast  and  were 
very  stable,  those  deviations  indicated  are  probably  the  real  influences  of  the  disk  termination. 
The  CSIE  result  for  self  admittance,  however,  is  not  particularly  dose  to  the  infinite  ground  plane 
solution.  Figure  10  shows  that  the  solution  using  10  triangles/wavclengih  is  not  converged. 
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Table  3.  Comparison  of  PI/CSIE  and  CSIE  solutions  to  Infinite  Ground  Plane 
Solution  for  Admittances  of  Slots  on  the  Simulated  Ground  Plane  of  Figure  9. 


IjljffilH 

ESDI 

SBHI 

III5I 

Pi/C 
(10  tri.A, 

Rc(Y) 

SIE 

W) 

Int(Y) 

CS 

(10  iri.A, 
Rc(Y) 

IE 

C-0.S) 

lm(Y) 

Y,j  x  104 

7.S09 

2,175 

7.810 

2.176 

8.355 

2.559 

Y,,  x  104 

•1.162 

■0.791 

•0.795 

•1.139 

•0.795 

Y,j  x  104 

-0.-163 

•0.05  S 

•0.477 

•0.051 

•0.479 

•0.061 

Y;,  x  I04 

0.335 

1.787 

0.319 

1,788 

0.305 

1.780 

Figures  10  and  11  demonstrate  the  strong  sensitivity  of  the  CSIE  solutions  for  self 
admittance  to  changes  in  momcnMncthod  segmentation  and/or  C  The  PI/CStE  solutions,  in 
contrast,  exhibit  very  little  sensitivity.  The  simulated  ground  plane  (a  flat  portion  of  a  BOR)  is 
and  ideal  ease  for  the  PI/CSIE.  The  slow  convergence  and  and  high  sensitivity  to  t,  of  the  CSIE 
solutions  indicates  that  it  is  unsuitable  for  geometries  such  as  that  in  Fig.  9.  The  mutual 
admittance  results  of  the  CSIE  (not  shown  in  the  figures)  also  exhibited  slower  convergence  and 
greater  sensitivity  to  C  than  the  PI/CS1E  solutions. 

5.0  Summary 

litis  paper  has  investigated  the  calculation  of  admittances  of  slots  on  a  body  of  revolution 
using  surface  integral  equations,  which  are  solved  by  the  method  of  moments.  Three 
formulations  were  compared;  (1)  combined-field  integral  equation  (CF1E),  (2)  combined-source 
integral  equation  CCS  IE),  and  (3)  pscudo-lmage/combtncd-sourec  integral  equation  (PI/CSIE). 

The  discussion  of  die  formulations  and  the  numerical  results  demonstrate  that  die  CFIE  and 
CSIE  formulations  arc  equivalent,  both  in  terms  of  computational  complexity  and  in  terms  of 
their  solutions.  For  muter.1  admittance  of  widely-spaced  slots,  these  two  formulations  appear 
adequate.  For  self  admittance  and  mutual  admittance  of  closely-spaced  slots,  the  PI/CSIE 
formulation  is  superior,  both  in  terms  of  accuracy  of  the  solutions  and  in  terms  of  convergence 
behavior.  Because  of  the  improved  solution  convergence  behavior  for  self  admittance,  we  found 
the  PI/CSIE  solution  to  be  faster  in  total  computational  time  even  though  it  included  an  additional 
numerical  integration  that  iha  CSIE  or  CFIE  do  not  require. 
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5  10  IS 

H  triangles  pcs  wavelength 


Figure  10.  Convergence  of  solutions  with  increasing  momenMnethod 
Segmentation  (self  admittance,  slot  1  on  disk  of  Fig.  9) 


SIOTON  PLATE:  (IS  10  f<*ak»  «***<«  tiK'l) 


Figure  11.  Sensitivity  of  CSIE  solutions  to  choice  of  weighting  coefficient 
(self  admittance,  slots  1  and  2  on  disk  of  Figure  9) 
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We  ate  bcta*icsting  &  2D  moment  method  code  called  RAMZ.  Our  experience  leads  us 
to  establish  a  list  of  basic  twits  which  we  think  are  necessary  in  the  beta-testing  of  any 
moment  method  codes  in  electromagnetic  mattering.  These  tasks  usually  reveal  subtle 
and  unexpected  weaknesses  cither  in  the  code,  the  documentation,  or  the  code  developer's 
assumptions.  These  tasks  also  infer  a  set  of  guide  line!  for  the  usage  of  the  code.  We  shall 
report  on  our  experience  with  RAMZ. 
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The  purpose  of  this  paper  is  to  illustrate  a  procedure  of  testing  a  mo¬ 
ment  method  code.  Before  a  package  of  software  is  released  for  usage,  two 
sets  of  standard  tests  are  performed.  These  two  sets  arc  termed  o-tests 
and  >3— tests,  a-tests  arc  performed  by  the  eode  developers  to  ensure  the 
code  is  "bug-free'’  j  /?— tests  arc  performed  by  potential  users  of  the  code  to 
determine  the  code's  usefulness,  its  ease  of  use,  and  whether  the  code  does 
everything  the  developers  intended.  A  code's  usefulness  and  cose  of  use  are 
largely  determined  by  the  need  and  background  of  the  majority  of  the  users. 
We  do  not  discuss  these  two  matters  in  this  paper.  Instead,  we  shall  present 
our  experience  in  the  validation  and  determination  of  accuracy  of  the  devel¬ 
oper's  assumptions  of  RAMZ,  a  2  dimensional  (2D)  moment  method  code 
in  the  "public  domain". 

RAMS  is  a  modified  version  of  RAMVS  which  was  written  by  Liepa, 
Knott  and  Senior  (2)  in  107-1.  Yip  [•!]  corrected  some  minor  errors,  changed 
the  input/output  and  renamed  the  program  RAMZ.  The  program  computes 
the  far  field  scattering  pattern  of  a  2D  cylindrical  body  (or  bodies)  treated 
with  absorbing  materials.  The  program  admits  two  types  of  profiles:  closed 
body  surfaces,  which  an  impedance  boundary  condition  is  imposed,  and 
open  resistive  sheets,  winch  may  consist  of  several  disjoint  parts.  Closed 
body  surfaces  have  one  variable  per  cell,  namely,  the  surface  current.  Open 
resistive  sheets  have  two  variables  per  cell,  namely,  the  equivalent  electric 
and  magnetic  currents.  Although  all  bodies  with  closed  surfaces  can  be 
modeled  with  open  resistive  sheets,  it  is  more  cfiicicnt  to  use  the  dosed 
surface  models.  However,  Knott  and  Senior  [1]  warned  that  solution  of  the 
closed  surface  model  will  deteriorate  as  the  thickness  of  the  body  decreased 
with  its  length. 

The  purpose  of  the  tests  reported  in  this  paper  arc  two  fold:  to  validate 
the  code  with  measured  and  known  data  and  to  "stretch"  some  of  the  code 
developers'  assumptions  os  "far"  as  possible.  We  will  limit  our  tests  to 
perfectly  conducting  bodies,  These  tests  answer  the  following  questions: 

1.  How  does  RAMZ  output  compare  with  measured  and  analytical  data? 

2.  How  does  the  quality  of  the  solution  deteriorate  as  we  decrease  the 
thickness  of  closed  body  in  comparison  with  its  length? 

3.  How  does  the  rode  handle  decreasing  gaps  between  disjoint  open  re- 
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sistivc  sheets  wul  dosed  surfaces? 

To  demonstrate  the  consistency  and  accuracy  of  the  code,  a  compar¬ 
ative  study  between  analysis,  experimental  results,  and  known  solutions 
arc  illustrated  lit  figures  4  through  7.  In  these  ligurcs,  RAMZ'*  results  arc 
compared  with  an  exact  analytical  solution  of  the  bistatic  RCS  of  a  circular 
cylinder  as  well  as  experimental  backscattcring  RCS  of  on  ogival  cylinder 
(Sec  Figure  1  for  geometry  description).  Doth  the  dosed  surface  and  the 
open  sheet  modds  arc  tisid  in  this  set  of  teats  and  the  computed  answers 
of  both  models  arc  in  exact  agreement  with  one  another. 

Figure  *1  is  a  plot  comparing  Ridirnond's  solution  [3]  (the  solid  curve) 
and  the  moment  method  results  of  RAMZ  (the  square  symbol)  for  a  cir¬ 
cular  cylinder.  Take  note  that  the  minimums  and  the  maximums  occur  at 
precisely  equal  aspects  and  magnitudes  for  both  polarisations.  The  maxi¬ 
mum  backscattcring  of  a  drcular  cylinder  is  equal  to: 


<r*wn 

where,  a  ,  is  the  radius  in  wavelengths.  The  RCS  for  our  drcular  cylinder 
is  calculated  as  5  dD  and  is  equal  to  the  magnitude  values  at  0  degrees. 

Figures  5  through  7  arc  backscattcring  comparisons  of  an  ogival  cylinder 
between  RAMZ  and  experimental  data  (the  darker  lines)  at  frequencies  of 
8, 10,  and  10  GHz.  The  dimensions  arc  spcdfied  as  10"  (the  mr-jor  axis)  by 
1.25"  (the  minor  axis)  with  a  length  of  30".  The  high  frequency  conversion 
factor  from  three  to  two  dimensional  RCS  is  calculated  to  be  0.G5  dB  and 
is  neglected  .  The  RAMZ  model  consists  of  a  perfectly  conducting  dosed 
surface  with  segmentation  resolution  of  1/20  th  of  a  wavdength  at  18  GHz. 

In  Figures  5  through  7  there  is  excdlcnl  agreement  for  the  E-polarization 
case  ,  the  inddent  decide  vector  fidd  parallel  to  the  cylindrical  axis.  Also, 
the  edge-on  RCS  at  both  0  and  180  degrees  arc  independent  of  frequency  ns 
expected.  For  the  II-polarization  ease,  the  decide  vector  field  perpendic¬ 
ular  to  the  cylindncal  axis,  differences  between  experimental  and  RAMZ 
data  at  aspect  angles  from  0  and  <15  degrees  are  small  (±  3.0  dB).  The  RCS 
at  these  angles  represent  positions  where  surface  travding  wave  and  edge 
diffraction  mechanisms  dominate  and  is  very  important  for  some  applica¬ 
tions.  Note  that  the  moment  method  solution  represents  the  total  RCS 
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mid  not  imlividti.il  scattering  mechanism*.  The  plot*  indicate  that  large 
variations  in  magnitude  throughout  the  pattern  match  well  between  mea¬ 
sured  and  calculated  data.  Futhcrmerc,  the  RAMZ  signature*  arc  evenly 
symmetric  ns  expected  for  our  geometry. 

Our  next  set  of  tests  evaluate  the.  limitation  of  the  closed  surface  model. 
Figure*  S  through  13  are  RAMZ  plot*  of  various  rectangular  strips,  which 
we  first  modeled  a*  dosed  surface*  then  as  resistive  sheets,  with  various 
thicknesses.  The  length  of  the  strip*  arc  all  G  wavelength*  long  and  the 
thicknesses  arc  1/10,  1/15,  1/20, 1/25  wavelengths. 

From  figures  0  and  11,  H  is  dear  that  the  H-polarizatiou  results  arc 
independent  of  thickness  when  the  geometry  is  modded  as  a  dosed  surface. 
Note  that  for  value*  beyond  03  degree*  in  azimuth,  the  dosed  surface  RCS 
converge  to  that  of  the  open  sheet  (cadi  side  of  the  rectangular  strip  is 
one  open  sheet).  In  figures  S  and  10,  the  open  sheet  modeling  requires 
only  one  impedance  input  specification  whereas  the  dosed  surface  model 
requires  two.  The  curves  for  the  open  sheet  modd  RCS  tend  toward  that  of 
the  infinitely  thin  strip  as  expected.  The  absolute  minimum  near  0  degrees 
increases  as  the  edge  thicknesses  decreases.  For  the  E-polnrixntion  case  of 
figures  12  and  13,  the  dosed  surface  modd  solutions  arc  also  independent  of 
thickness.  The  diffraction  level*  are.  slightly  higher  for  greater  thicknesses 
for  the  open  sheets. 

The  third  set  of  tests  arc  example*  of  RAMZ  baekjenttering  data  at  S 
Gif*  of  the  10”  by  1.25"  ogival  cylinder  with  various  gap  siscs  located  at  the 
edge  discontinuity.  The  RCS  pattern  of  these  ogives  are  illustrated  in  figures 
14,  15  and  10.  Because  the  small  gap  forms  two  edges,  it  is  interesting  to 
compare  the  diaugcs  in  diffraction  levels  mid  pnltcrns  between  gap  sizes. 

Figure  1G  is  a  plot  comparison  between  various  gaps  for  the  E-polarization 
case.  The  Figure  indicates  mi  increase  in  RCS  for  greater  gap  sites  from  as¬ 
pects  between  0  to  45  degrees.  Au  increase  in  diffraction  levels  at  0  and  ISO 
degrees  is  consistent  with  greater  gaps  for  the  If-polariration  case  in  figures 
14  and  15.  Our  interpretation  for  the  dosed  surface  ogive  with  various  gaps 
are  as  follows: 

1.  The  gaped  ogival  patterns  tend  toward  the  no  gap  case  as  gap  size 
decreases. 

2.  The  diffraction  levds  at  0  degrees  increase  ns  gap  sizes  increase. 


440 


3.  Mojt  of  the  incident  energy  is  cither  trapped  inside  or  guided  through 
the  gap  at  aspects  near  0  degrees. 

•>.  There  exists  a  cut  off  gap  site  where  energy  no  longer  propagate 
through  the  gap  to  the  trailing  side. 

5.  The  over  prediction  of  the  1/50  th  gap  sire  to  the  no  gap  ease  is 
due  to  the  fact  the  size  is  less  than  the  cutoff  gap  sice,  therefore 
no  energy  propagates  through  the  gap.  However,  there  is  rcrndialsd 
power  backscattered  from  the  exposed  corner  and  the  flat  surface  due 
to  the  geometry. 

The  /Mests  revealed  interesting  results  in  RAMZ’s  calculations.  Be¬ 
sides  code  evaluation,  they  provided  us  an  insight  into  interpreting  electro¬ 
magnetic  scattering  behavior.  These  three  sets  of  tests  allow  us  to  draw 
the  following  conclusions: 

1.  The  first  set  of  tests  indicates  that  the  computed  data  of  RAM2  arc 
in  excellent  agreement  with  measured  data. 

2.  From  the  ogive  data  on  our  first  set  of  tests,  the  closed  surface  model 
can  be  used  to  model  closed  bodies  with  aspect  ratio  (which  we  define 
ns  thickness  over  length)  about  1/10.  The  second  set  of  tests  indicates 
that  tiic  closed  surface  model  breaks  down  for  closed  bodies  with 
aspect  ratio  less  than  or  equal  to  1/GO. 

3.  The  third  set  of  tests  indicates  tiiat  RAMZ  is  able  to  detect  the  ex¬ 
istence  of  gaps  as  small  as  1/50  wavelength  between  disjoint  resistive 
sheets  and  closed  surfaces. 

The  tests  reported  in  this  paper  validates  the  code  and  provides  quanti¬ 
tative  guide  lines  regarding  the  code  developers'  assumptions.  These  guide 
lines  would  he  included  in  our  user  manual. 
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Fig«  2  Geometry  of  Rectangular  Slab 


Fig.  3  Geometry  of ’’Ogive”  with  Gaps 
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Fig.  5  10  in.  Ogive  at  8  GHz:  Measurement  v/s  RAMZ 
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Fig.  8  6  A  Slab  -  (Th  =  H-pol  Open  Sheet 
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Fig.  13  6  A  Slab  -  (-Th  =  ~)  E-pol  Closed  Surface 
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IMPROVING  MOMENT-METHOD  PREDICTIONS  WITH  MEASUREMENTS 


John  F.  Siach 
SRI  Inlcntational 

Remote  Measurements  Laboratory 
Menlo  Park,  California  94025 


INTRODUCTION 

In  comparing  measured  and  simulated 
data,  one  often  alternates  between  modifying  the 
measurement  and  modifying  the  simulation  in 
order  to  improve  their  agreement.  This  pro¬ 
cedure  is  necessary  and  useful  for  many  applica¬ 
tions.  However,  there  arc  also  applications 
where  the  goal  is  to  predict  measured  data  with 
the  greatest  possible  accuracy  without  eatensive 
thcorcthtal  analysis.  Performance  analysis, 
rrcasurensnt  extrapolation,  and  feedback 
models  are  examples.  For  these  applications 
and  others,  a  parametric  model  is  what  may  be 
required.  Ideally,  such  a  model  could  be  cali¬ 
brated  by  a  few  measurements  la  enable  it  to 
predict  other  measurements  with  a  high  degree 
of  accuracy. 

In  this  paper,  we  will  show  that  it  Is  pos¬ 
sible  to  treat  die  moment-method  (MM)  model 
as  a  parametric  model  to  be  used  for  predicting 
measured  diu  accurately.  The  process  is  done 
in  two  Steps  and  takas  advantage  of  whatever 
existing  MM  code  and  measurements  are  avail¬ 
able.  Once  a  reasonably  accurate  geometry  is 
created  foe  the  MM  code,  the  code  is  tun  to 
define  some  key  parameters.  Then  the  MM 
admittance  matrix  is  adjusted  to  account  for 
differences  between  a  set  of  calibration 
predicted  and  measured  data.  Measured  data  at 
new  angles  can  then  be  predicted  by  using  the 
adjusted  admittance  matrix. 

The  advantages  of  using  MM  codes  over 
other  parametric  models  are  (he  excitation- 
independent  admittance  matrix,  which  allows 
arbitrary  measurements  to  be  used  in  the  cali¬ 
bration,  and  the  physical  nature  of  the  MM 
models,  which  makes  the  model  more  robust 
than  simple  data-fitting  models.  The  physical 
nature  of  the  model  also  provides  a  way  to 
analyze  the  calibration  itself  in  order  to  improve 
the  theoretical  model. 


LEAST-SQUARES  CALIBRATION 

The  approach  taken  in  this  paper  is  to 
modify  the  form  of  the  MM  equations  so  that  a 
least-squares  (LS)  solution  can  be  applied  to  the 
admittance  matrix.  The  MM  equation  for  the 
prediction  of  a  scattered  field,  i.  Is  shown 
below. 


<■(<1  -  X.  -  g.vl 
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(1) 


where  n  is  the  MM  element  index,  v,  is  the 
incident  field  term  at  die  fth  wire,  y<  is  the  radi¬ 
ated  field  term  from  the  fth  wire  at  the  receiver, 
and  y  ts  an  element  of  the  admittance  matrix. 
Equation  (I)  can  alio  be  written  in  a  form 
where  the  admittance  matrix  is  a  vector: 
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where  ©  represents  the  Kroneckcr  product  of 
two  vectors.  The  Kroneckcr  product  substitutes 
each  element  of  the  first  vector  with  the  product 
of  that  element  multiplied  by  the  second  vector. 
The  length  of  the  new  vector  is  therefore  the 
product  of  the  original  vecior  lengths.  The 
predicted  field,  J,  and  the  Kroneckcr  vector  can 
be  augmented  with  as  many  scattering 
geometries  as  desired  for  a  calibration.  The 
admittance  matrix  remains  unchanged  as  shown 
below. 
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when:  m  represents  ih«  scattering  geometry 
index.  The  6  ■  Ax  form  of  (his  equation  makes 
li  straightforward  to  modify  (he  admittance 
matrix.  Assume  a  modification  of  the  admit¬ 
tance  matrix,  5y,  that  will  adjust  the  pc  dieted 
Gelds,  l,  closer  to  the  measured  data: 

■?lw».BAfy*8))  ,  (•») 

where  A  represents  the  Kronoeker  matrix  and 
<V,«  is  a  vector  of  measured  data  at  the  chosen 
angles. 

fy"AM(M"  +  \Q-,r'l<!n.«-M  .  (5) 

is  then  the  LS  solution  for  Sy.  A'1  is  the  Hermi- 
dan  conjugate  of  A,  X  is  a  regularization  diago¬ 
nal  matrix,  and  Q  Is  the  error  covariance  matrix 
for  the  measurements.  The  XQ*1  term  is  a  con¬ 
straint  on  the  accuracy  of  the  solution  which  can 
be  used  when  A  Is  singular  or  when  the  meas¬ 
urement  error  can  be  estimated. 


AN  EXAMPLE  USING  NEC 

An  example  of  the  above  procedure  was 
run  using  the  NEC  code  to  illustrate  how  to 
apply  it  to  a  code  and  some  charactcrisu'cs  of 
the  method.  The  example  Is  a  l.SX-long 
cylinder  with  a  IdSX-Iong  wire  attached  at  the 
center,  as  shown  in  Figure  1.  A  measurement 
was  made  of  the  scattering  from  a  brass  cylinder 
and  wire  In  this  configuration.  A  NEC  mesh 
geometry  was  also  designed  as  shown  in  Figure 
i,  A  10.6*  bisiatic  angle  due  to  the  separation 
of  transmit  and  receive  horns  was  also  included 
In  the  model.  The  example  used  transmit  and 
receive  polarizations  parallel  to  the  wire.  The 
pattern  data  was  taken  over  360*  around  the 
cylinder  with  the  wire  vertical. 

In  order  to  apply  the  method  to  NEC,  the 
terms  v;,  git  and  y  had  to  be  found.  The  admit- 


wree  matrix  is  never  explicitly  determined  in 
NEC,  so  the  impedance  matrix  was  extracted 
and  inverted.  Since  the  NEC  currents  are 
readily  available,  the  product  of  the  currents  and 
the  Impedance  matrix  was  used  to  find  the 
incident  terms,  v,.  Finally,  due  to  integrations 
within  the  code,  it  was  simpler  to  Grid  ihc  Indi¬ 
vidual  contributions  to  the  receiver  than  to  find 
ft.  However,  these  contributions  include  the 
currents.  Therefore  ft  was  found  simply  by 
dividing  the  Individual  field  contributions  by  the 
currents. 

The  first  example  in  Figure  1  shows  a 
12-point  calibration  with  no  regularization.  At 
each  of  the  12  uniformly  distributed  points,  an 
exact  match  to  the  measured  v.pol  data  is 
enforced,  it  is  clear  that  the  calibrated  model 
agrees  well  with  the  measured  magnitude  and 
phase  over  the  entire  range  Figure  3  shows 
that  the  LS  calibration  did  nor  affect  the  H-pol 
NEC  prediction  at  alt.  This  is  a  property  of  the 
LS  algorithm.  The  algorithm  finds  the 
minimum  5>  that  will  march  the  measurements. 
In  doing  SO,  it  affects  the  the  elements  of  the 
admittance  matrix  in  proportion  to  their  contri¬ 
bution  to  the  calibration  angles.  Figure  A  shows 
this  as  well.  Only  half  of  the  calibration  points 
were  used.  Even  though  the  target  Is  sym¬ 
metric,  the  LS  calibration  left  the  uncalibratcd 
angles  mostly  unchanged. 

SUMMARY 

Tills  mcihod  can  be  useful  to  create  an 
accurate  parametric  model  of  measured  dau. 
However,  the  extent  to  which  it  can  extrapolate 
data  when  calibrated  at  a  few  angles  has  yet  to 
be  determined.  It  is  possible  that  all  polariza¬ 
tions  and  many  calibration  angles  will  be 
required  for  a  robust  model.  An  interesting 
byproduct  of  the  method  is  a  determination  of 
the  contribution  of  each  MM  element  to  the 
scattering  at  a  given  set  of  angles.  This  may  be 
useful  in  scattering  analysis. 
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Pig  3.  Vertical  calibration  effect 
on  horizontal  polarization 


ELECTROMAGNETIC  CODE  VALIDATION  DY  THE 
INFRARED  MEASUREMENT  METHOD 


J.D.  Norgard,  R.M.  Sega,  D.C.  Fromme  and  K.J.  lanaconc 
Department  of  Electrical  and  Computer  Engineering 
Un'vcrsity  of  Colorado 
Colorado  Springs,  Colorado  80033-7150 


AHSTRACT 

An  experimental  tediniquc  for  determining  the  two  and  three  dimensional 
electromagnetic  (EM)  field  distributions  that  arc  predicted  by  various  EM  codes  is 
presented.  The  experimental  technique  is  based  on  infrared  (IR)  measurements  of 
Joule  heating  induced  when  electromagnetic  energy  is  absorbed  by  lossy  dielectric 
and  resistive  materials.  An  infrared  scanning  system  records  the  thermal  radiation 
from  a  calibrated  detection  screen  and  the  actual  Add  strengths  arc  then  rdated  to 
the  surface  temperature  variations.  The  detection  screen  material  is  of  planar 
construction  and  thus  provides  a  two-dimensional  field  mapping.  By  moving  the 
screen,  the  three  dimensional  fidd  is  obtained.  This  experimental  approach  has 
been  applied  to  antenna  radiation  patterns  and  several  scattering  and  coupling 
problems.  Comparisons  are  made  between  the  theoretical  and  experimental 
approaches  for  various  hollow  and  loaded  slit  cylinder  configurations,  and  near  and 
far  field  antenna  patterns  for  frequendes  from  1  to  18  GHz.  The  advantages  and 
limitations  for  validation  of  theoretical  work  arc  discussed. 


1.  INTRODUCTION 


The  ability  to  obtain  an  experimentally  determined  field  mapping  for  a  given 
situation  can  be  used  by  the  EM  modeling  and  computations  community  in  several 
ways-  First,  if  a  visual  presentation  is  provided  at  the  outset  of  code  development, 
insight  into  the  physics  of  the  interaction  mechanisms  can  provide  assistance  for 
the  initial  approach  to  the  problem.  Second,  a  number  of  actual  physical  systems, 
sufficiently  complex  with  respect  to  structure  or  loss  mechanism,  may  require  a 
hybid  approach  where  theory  and  experiment  are  used  to  determine  appropriate 
coefficients.  Finally,  a  code  that  is  developed  independent  of  experimental  results 
can  be  validated  by  a  method  such  as  the  infrared  (IR)  technique.  This  technique 
provides  a  rapid  two  or  three  dimensional  mapping  of  the  test  environment  but  is 
limited  with  respect  to  dynamic  range  and  phase  information. 

CW  measurements  by  the  IR  measurement  technique  have  been 
demonstrated  and  reported  over  the  past  several  years1-4.  While  the  technique 
requires  a  minimum  energy  deposition  for  sufficient  heating,  the  electrical 
parameters  of  the  detection  screen  can  be  selected  such  that  the  thermal  mass  of 
the  screen  is  reduced,  allowing  for  a  fast  response.  IR  data  acquisition  by  a 
high-speed  memory  system  is  used  to  store  approximately  500,000  pixels  of  a 
two-dimensional  IR  image  in  less  than  three  seconds*.  This  corresponds  to  thirty 
128  pixel  *  128  pixel  frames  of  data  with  each  pixel  element  represented  as  an 
8-bit  word,  which,  after  calibration  of  the  detection  screen  material,  is  correlated 
to  the  electric  or  magnetic  field  intensity  at  that  location. 

This  is  a  non-destructive,  relatively  non-perturbing  IR  measurement 
technique  that  has  been  developed  to  observe  EM  fields.  This  paper  will  discuss 
the  IR  technique  used  to  detect  and  measure  EM  fields  from  horn  antennas  and 
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EM  coupling  inside  cylinders,  li  will  be  sho'-n  that  this  measurement  procedure 
avoid:  some  oi  the  problems  associated  with  electric  and  magnetic  field  probes1, 
since  it  produces  a  quick,  accurate  picture  of  the  field  distribution.  The 
application  presented  includes  feasibility  demonstrations  for  mode  determination 
in  a  open  ended  cylinder  with  an  axial  slot  aperture  while  also  determining  the 
external  field  distribution.  The  demonstrations  were  carried  out  at  1-5  Gil*  using 
IR  detection  ranges  of  2-S.G/i  and  S-l-i/r. 

2.  INFRARED  DETECTION  OF  ELECTROMAGNETIC  FIELDS 
The  IR  detection  technique  is  based  on  heating  that  occur*  when  EM  energy 
is  absorbed  by  an  object.  When  the  surface  temperature  rises  to  0.1  K  or  higher 
above  ambient,  the  induced  temperature  distribution  at  the  surface  (which 
corresponds  to  field  intensities  in  that  surface)  can  he  detected  by  an  IR  scanning 
system  via  emitted  thermal  radiation.  By  Poynting’s  Theorem,  the  absorber! 
power  in  a  given  volume  is  a, function  of  the  electric  (E)  and  magnetic  (H)  field 
magnitudes  as  shown  by  the  equation* 

Pm»  =  f  (<7Ej  +  uc‘Es  +  tp*U*)dv  (1) 

J  V 

where  a  Is  the  conductivity,  r*  is  the  Imaginary  permittivity,  /**  is  the 
imaginary  permeability  of  the  detector,  and  u  is  the  angular  frequency  of  the 
incident  microwave  radiation.  Thus,  it  becomes  possible  to  relate  surface 
temperature  variations  to  E  and  II  field  intensities.  As  shown  by  the  above 
equation,  a  material  can  absorb  power  via  E  and/or  II  field  coupling. 

The  heat  transfer  problem  to  predict  temperature  increases  in  a  microwave 
heated  homogeneous  material  involves  solving  a  non-linear  second-order 
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differential  equation  in  both  space  and  time,  while  considering  radiative  and 
convective  heat  losses  from  the  material  mrface,  conductive  heat  transfer  within 
the  material,  and  the  power  absorbed  as  a  function  of  distance  into  the  material**'. 

For  electric  field  detection,  a  detection  screen  is  selected  which  has  a  large 
conductivity  0  or  Imaginary  permittivity  <'  compared  to  its  imaginary 
permeability  p*  (e.g.,  carbon  paper).  The  electric  field  absorption  problem  is 
solved  as  a  function  of  screen  thickness,  conductivity  and  imaginary  permittivity 
for  an  incident  plane  wave,  and  an  approximate  solution  of  the  thermal  problem 
(dating  surface  temperature  to  absorbed  microwave  power  is  then  obtained*. 

For  detection  of  fields  internal  to  the  iest  structure  or  in  ^viilcs,  the 
material  is  optimised  so  as  to  allow  only  sufficient  absorbed  power  for  !R 
observation,  while  minimizing  reflection  and  the  perturbation  of  the  field 
distribution  being  measured. 

For  the  detection  of  the  declric  fidd  scattered  from  an  object,  0  requirement 
exists  for  a  material  with  the  properly  selected  a  and/or  C  such  that  sufficient 
energy  is  absorbed  for  a  given  temperature  rise.  IR  detection  of  scattered  dcr.lric 
fidds  was  accomplished  using  a  screen  of  carbon  paper  (<r  «*  8  mhos/m)  mounted 
on  styrofoam  and  placed  in  the  plane  of  interest.  A  method  of  calibrating  a 
material  screen  for  the  incident  field  strength  as  a  function  of  temperature  rise  has 
been  developed  and  has  previously  been  presented'. 

3.  EXPERIMKMTAL  SET-UP 

The  experiments  described  below  in  lids  paper  are  performed  in  the  anedioic 
chamber  in  the  Electromagnetics  Laboratory  at  the  University  of  Colorado  at 
Colorado  Springs.  The  experimental  equipment  indudes  the  following  items:  a 
signal  generator,  an  amplifier,  a  microwave  antenna,  a  scattering  object,  a 
detection  screen  (whose  characteristics  were  explained  above),  an  IR  scanner,  and 
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an  III  monitor  and  a  digital  recording  system.  The  detection  screen  used  is  a 
carbon  based  paper  with  a  conductivity  of  8  mhos  per  meter,  a  thickness  of 
approximately  SO  interests,  and  a  power  transmission  oxfsicknt  of  0.87. 

The  placement  of  the  screen  from  the  camera  and  the  lens  selection  will 
determine  the  pixel  sire  that  is  observed,  and  hence,  the  spatial  resolution.  The 
lenses  that  are  available  include  3.5*.  7°  and  20°  fields  of  view  with  extension 
rings  providing  additional  flexibility  in  observation  area  and  resolution. 

4.  RESULTS 

The  following  laboratory  experiments  demonstrate  the  flexibility  of  this 
technique  for  measuring  radiated  field  distributions  and  for  testing  and  analysis  of 
electromagnetic  coupling  into  various  structures.  The  data  rccievcd  from  this 
scanning  system  is  graphically  depicted  by  a  thermogram,  (on  a  pixel  by  pixel 
basis)  or  by  equal  contours  (plots  of  the  intensity  of  the  field  distribution).  Three 
examples  are  now  presented: 

•1.1  Near  field  of  a  horn  antenna. 

Results  previously  presented  arc  shown  in  figures  1  and  2.  Figure  l  shows 
the  thermogram  of  the  near  field  region  of  a  standard  gain  horn.  In  band  at  2.5 
Gilt.  Results  are  shown  for  the  B-planc.  Figure  2  shows  the  results  of  a 
numerical  prediction  of  the  field  structure  in  this  region. 

4.2  Modo  Determination  of  a  Cylindrical  Cavity 

Gtey-scaie  images  of  IR  experimental  measurements,  performed  in  an 
ancchoic  chamber  with  computer  aided  analysis,  arc  shown  in  figure  3.  A  cylinder 
with  an  axial  aperture  is  illuminated  with  E-field  perpendicular  to  the  cylinder 
axis.  A  thin  resistive  screen  (disk  shaped)  is  placed  in  a  given  plane  in  the 
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cylinder  and  the  electric  field  distribution  Is  recorded.  Several  planes  arc  selected 
along  the  axis  of  the  cylinder  and  perpendicular  10  It  such  that  the  field 
distribution  can  be  recon<  icted  In  the  vicinity  of  the  aperture.  Figure  4  Is  the 
theoretical  distribution  of  the  dominant  mode  of  figure  3. 

4.3  Coupling  to  a  long  Cylinder  with  an  Axial  slot  Aperture 

A  thensogram  taken  at  the  mid-point  of  the  aperture  with  the  screen 
perpendicular  to  the  aperture  axis  (giving  E  plane  distributions)  Is  shown  In  figure 
5.  Fipie  S  shows  a  theoretical  solution  at  2.0  GH*.  Figure  5  shows  only  the 
interior  of  the  cylinder,  while  figure  G  Includes  some  exterior  regions.  The 
agreement  between  the  experimental  and  theoretical  results  Is  good.  The 
theoretical  results  m  from  Zlolkowskl**.  This  technique  Is  based  on  the 
generalized  d  ial  series  solution  method  which  yields  precise  edge  effects. 

5.  CONCLUSION 

In  this  paper,  techniques  were  reviewed  for  !R  detection  and  computer 
analysis  for  the  purpose  of  dc'.eimlning  microwave  interactions  from  planar  and 
cylindrical  structures,  with  and  without  apertures  and  antennas.  The  interference 
is  observed  os  a  screen  that  absorbs  microwave  energy  from  which  an  image  is 
recorded  with  an  infrared  scanner.  The  images  arc  sampled,  digitized  and  recorded 
on  magnetic  tape.  A  system  of  computer  procedures  and  programs  were  developed 
for  each  experiment  in  the  laboratory  series  for  organizing,  accessing,  analyzing 
and  calibrating  the  IR  images. 

The  IR  technique,  with  computer  aided  enalysis,  is  complementary  to  probe 
methods,  which  give  increased  dynamic  range  at  points  of  interest,  for  studying  the 
interaction  of  microwave  fields.  The  standard  techniques  for  detecting  microwave 
fields,  e.g.,  electric  and  magnetic  field  probes,  are  generally  complex,  time 
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consuming,  ami  costly.  The  utility  of  the  1R  technique  is  demonstrated  in  the 
study  of  wide  fields  of  view  and  where  minimum  perturbation  of  the  measured 
quantity  is  necessary. 
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Thermogram  of  the  field  structure  inside  a  cylinder  with  a  lone 
axial  slot  aperture.  “ 
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FOREWORD 

Them  standard*  u«  dedicated  to  alt  the  programmer*  who  have  to  modify  someone 
else'*  code. 

The  standards  were  born  out  of  frustration  and  developed  out  of  necessity.  The  situ¬ 
ation  that  initiated  their  development  occured  at  3  o'clock  in  the  morning  on  a  Sunday. 
We  had  been  working  all  weekend  trying  to  get  answer*  from  large  FORTRAN’  programs 
designed  to  calculate  a  wide  range  of  complex  radiation  effects.  We  had  worked  on  the 
project  for  several  months  and  .bad  encountered  so  many  problem!  with  these  programs 
that  we  had  been  forced  into  a  24  hour-a-day  dedicated  effort  in  order  to  meet  the  Im¬ 
pending  deadline.  The  codvs  failed  during  execution  every  few  hours.  As  I  debugged  each 
code  failure,  I  found  the  same  poor  programming  that  1  had  been  finding  repeatedly  in 
prior  months.  It  was  on  this  Sunday  is  the  early  morning  hours  that  I  decided  to  produce 
a  set  of  standards  that  would  resolve  these  problems  and  prevent  them  in  the  future. 

The  radiation  effects  programs  were  almost  Impossible  to  understand.  They  also  proved 
to  be  very  unreliable.  The  programs  contained  convoluted  logic  full  of  GO  TO  statements 
and  confusing  structure.  Whenever  one  “hug"  was  found  and  patched,  the  program  was 
resubmitted  but  another  problem  would  soon  occur.  These  programs  evolved  over  a  10 
year  period  and  were  written  by  doteas  of  programmers  at  several  different  facilities.  All 
of  the  prbgrammcrs  who  had  written  these  codes  said  that  they  understood  and  applied 
good  programming  practice*.  Although  they  may  havs  believed  it  themselves,  only  a 
few  actually  implemented  good  programming  practices.  Most  of  the  programming  was  a 
disaster. 

It  took  over  a  year  to  develop  the  standards  in  this  document.  In  addition  to  drawing  on 
our  many  years  of  combined  experience  for  background  material,  the  modern  literature  was 
carefully  reviewed.  Recent  well-documented  and  well-researched  studies  have  been  used 
extensively.  Appropriate  literature  citations  are  provided  for  those  who  wish  to  verify  the 
published  research  that  supports  this  document.  These  standards  are  now  solving  the 
overwhelming  majority  of  our  programming  problems.  I  believe  they  can  do  the  same  for 
other*. 

These  standards  are,  of  necessity,  mechanical  in  nature.  In  some  cases,  recommenda¬ 
tions  are  made  but  specific  programming  decisions  are  left  to  the  programmer.  In  many 
cases  the  programming  approach  is  mandated.  Adherence  to  this  standard  is  a  necessary' 
but  not  sufficient  condition  to  produce  large  high-quality  FORTRAN  programs.  These 
standard*  must  be  used  with  a  positive  and  constructive  attitude  if  they  are  to  be  success¬ 
ful. 

The  team  of  contributors  to  this  document  all  share  two  crucial  attributes:  (l)  they  are 
excellent  FORTRAN  programmers  (many  are  also  proficient  in  other  languages),  and  (2) 
they  ail  have  had  painful  experience*  with  junk  code  which  didn't  work  reliably  and  which 
wasn’t  documented.  The  entire  team  contributed  to  this  document  and  the  members  abide 
by  it  themselves. 

After  this  document  was  releued  for  an  initial  review  by  other  programmers,  two  inter- 
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siting  trends  were  observed  In  their  reaction.  Programmer*  who  routinely  had  to  modify 
code  provided  by  someone  else  were  itrongly  In  favor  of  the  itandard*.  Programmer*  who 
wrote  original  codes  ard  who  didn't  have  to  use  or  modify  other  code*  frequently  did  not 
like  the  standard*.  They  claimed  too  many  coiutralnt*  were  placed  on  their  judgement, 
unduly  Inhibiting  their  full  capabilities  as  superior  programmer*.  My  sympathies  are  pri¬ 
marily  with  the  first  group.  Although  I  understand  the  attitude  of  the  second  group,  l 
do  not  agree  with  If.  Large  FORTRAN  program*  must  be  written  In  a  consistent  form 
that  maximise*  the  probability  of  success  and  simultaneously  minimise*  the  Introduction 
of  ‘bugs*  through  poor  programming  practices.  Undisciplined  programming  with  clever 
methods  and  tricky  algorithms  Is  contrary  to  this  objective.  Undisciplined  programming 
alio  tend*  to  be  Imbued  with  a  programmer's  Idioeyncracle*  and  l*  very  difficult  to  verify 
and  modify. 

The  most  controversial  aspect  of  this  document  Is  the  tight  control  on  the  utilisation 
and  structure  of  COMMON  blocks.  Our  position  on  COMMON  blocks  Is  well-founded. 
Another  controversial  Issue  Is  the  mandatory  application  of  FORTRAN  implicit  declara¬ 
tions  for  variable  and  PARAMETER  name*.  Again,  the  programmers  who  use  and  debug 
programs  written  by  others  have  supported  both  restrictions;  the  programmers  who  write 
code  for  their  own  use  or  for  use  by  other*  usually  disagree  with  our  position. 

This  standard  discusses  three  genera]  aspects  of  programs:  structural  content,  doc¬ 
umentation,  and  cosmetic  appearance.  The  latter  characteristic*  Include  the  format  of 
statement  label  fields,  the  columns  and  form  of  the  comment*,  indentation  rules,  and 
other  similar  features.  They  arc  mandated  primarily  to  produce  a  uniformity  of  style 
and  appearance  that  is  highly  desirable  In  large  FORTRAN  program*  written  by  many 
individual*  who  would  otherwise  use  widely  dtiTereat  styles. 

The  standard  is  intended  to  be  read  from  start  to  finish.  It  is  written  in  a  direct  style 
for  easy  reading,  but  as  a  result  is  not  organised  as  a  reference  manual.  For  this  reason,  a 
cross-reference  index  is  included  to  help  locate  specific  topic*. 

In  order  to  keep  this  document  u  short  a*  possible,  the  rationale  for  most  of  the 
individual  features  of  this  standard  is  usually  omitted.  Exception*  ere  made  for  particularly 
controversial  features  or  for  specific  Issues  meriting  a  textual  explanation.  When  possible, 
citation*  to  reference*  are  provided  for  those  reader*  desiring  supporting  Information. 

Implementation  of  these  standards  will  produce  lets  expensive  program*  over  the  long 
term  because  the  resulting  coding  will  be  more  relitblc,  will  contain  fewer  bugs,  will  be 
easier  to  modify,  and  will  require  far  fewer  maintenance  hours  than  alternate  FORTRAN 
coding  approaches.  Over  the  short  term,  adherence  to  these  standards  will  not  substan¬ 
tially  Increase  tbc  development  time  of  a  new  program  because  the  improved  reliability, 
organization,  modularity,  and  undcrsttndablllty  will  offset  the  extra  effort  required  for 
documentation,  testing,  and  peer  review. 


Joseph  F.  Jannl 

Albuquerque,  New  Mexico 
December  0,  IMS 
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1  BACKGROUND 


An  Improved  approach  to  programming  ha*  been  developed  In  the  tail  decade  which 
produce*  reliable,  efficient  computer  program*  using  fewer  labor  hour*  and  far  fewer  main* 
tenance  hour*  than  other  coding  approaches,  ThU  new  approach  u*e*  a  disciplined  style 
and  I*  usually  referred  to  a*  structured  programming.  This  standard  applies  the  concept* 
of  structured  programming  to  FORTRAN-77  (ANSI  X3.0-IQ73)  and  contain*  procedure* 
which  result  In  better,  more  reliable  computer  programs  (Ref.  1).  It  I*  based  on  many 
actual  experiences,  careful  research,  and  documented  studies  (Refs.  3-31). 

This  standard  classifies  coding  practices  Into  five  categories:  mandatory,  recommended, 
permitted,  discouraged,  and  forbidden.  A  mandatory  coding  practice  must  always  be 
implemented.  A  recommended  coding  practice  should  usually  be  used,  but  the  pro¬ 
grammer  can  apply  prudent  judgement  and  occasionally  deviate  in  a  specific  situation.  A 
permitted  coding  practice  may  be  used.  A  discouraged  coding  practice  should  not  be 
used  except  on  rare  occasions  and  only  If  extraordinary  care  is  taken.  A  forbidden  coding 
practice  is  never  permitted.  The  boldface  words  In  this  paragraph  clarify  the  intent  of 
practices  discussed  in  this  standard. 


2  OBJECTIVES 

The  objective*  of  this  standard  in  directing  the  use  of  disciplined-programming  practices 
are: 

•  To  apply  an  architectural  and  syntactical  method  to  the  FORTRAN-77  language 
that  greatly  reduces  the  probability  of  errors.  Foor  use  of  the  language  creates  many 
problems  (Ref.  13). 

•  To  produce  code  that  is  modified  easily,  rapidly,  and  reliably  by  applying  the  prin¬ 
ciples  of  modular,  structured,  and  machine  interchangeable  FORTRAN-77  that  ad¬ 
here*  to  top-down  design. 

•  To  improve  code  clarity,  simplicity,  robustness,  and  reliability. 

«  To  prohibit  convoluted  logic. 

•  To  minimize  the  dependence  of  one  module  on  the  internal  detail*  of  another.  A 
module  should  have  limited  access  to  the  data  structures  used  by  other  modules. 

•  To  produce  well-documented  code. 

•  To  avoid  the  seemingly  endless  series  of  patches  and  repair*  whose  implementation 
requires  explicit  changes  in  many  places  throughout  the  program. 
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3  CONCEPTS,  DEFINITIONS,  AND 
RELATED  RESTRICTIONS 

3.1  PROGRAMMING  LANGUAGE 

The  programming  language  la  ANSI  FORTRAN-77,  which  la  hereby  made  a  part  of 
this  standard.  U  there  la  a  conflict  between  thla  standard  and  ANSI  FORTRAN-"",  the 
provisions  of  this  standard  apply.* 

3.2  CODE 

Code  la  a  term  for  Instructions  In  a  computer  programming  language. 

3.3  PROGRAM 

A  program  la  an  organized  set  of  code  tailored  to  perform  specific  tasks.  The  intent  of 
a  FORTRAN-77  computer  program  Is  to  solve  a  mathematical,  logical,  physical,  technical, 
or  engineering  problem.  Although  programs— including  those  written  to  solve  apparently 
simple  problems — can  be  quite  complex,  the  program  should  have  a  simple  organization 
and  structure.  A  program  should  be  partitioned  into  sections  of  code  to  perform  specific 
tasks.  These  section*  of  code  are  composed  of  subprograms  and  modules  consisting  of 
closely  related  subprograms:. 

EXECUTIVE  (Master  Control). 

INPUT  SECTION. 

Subprograms. 

COMPUTATIONAL  SECTION. 

Subprograms  and  Modules. 

OUTPUT  SECTION. 

Subprograms. 

ERROR  EXIT  SECTION. 

Subprograms. 

DATA  STRUCTURE  DEFINITION. 

BLOCK  DATA  Subprograms. 

*An  txteaeion  to  the  FORTRAN-77  itaadard  u  the  required  im  of  the  INCLUDE  statement  or  it* 
equivalent  (Raf.  30).  Other  limited  exception*  are  permitted  only  when  specified  explicitly  by  this 
•tandard  (refer  to  Section  S,  pa*e  30). 
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3.4  SUBPROGRAM 

A.  A  subprogram  is  a  SUBROUTINE.  FUNCTION,  or  BLOCK  DATA  and  U  limited 
lo  a  single  purpose.  A  subprogram  can  reference  (call)  other  subprograms,  or  it  can 
be  referenced  by  the  executive  or  other  subprograms. 

1.  A  directly  subordinate  subprogram  Is  referenced  by  an  executive  or  subprogram. 
Specifically,  a  subprogram  Is  directly  subordinate  to  an  executive  (or  another 
subprogram)  ifll  Is  explicitly  referenced  by  the  executive  (or  other  subprogram). 

2.  An  Indirectly  subordinate  subprogram  Is  referenced  by  a  directly  subordinate 
subprogram  or  another  Indirectly  subordinate  subprogram.  Speclflcally,  a  sub* 
program  Is  Indirectly  subordinate  to  an  executive  (or  another  subprogram)  if  it 
can  be  reached  from  the  executive  (or  other  subprogram)  only  through  at  leut 
one  intervening  subprogram. 

3.  A  basic  subprogram  does  not  reference  any  subordinate  subprogram. 

B.  A  subprogram  must  perform  correctly  the  process  claimed  for  It  for  alt  valid  com¬ 
binations  of  arguments,  and  it  must  detect  and  take  defensive  action  for  all  Invalid 
arguments. 

C.  A  subprogram  should  be  written  so  that  a  typical  programmer  can  determine  that 
It  works  correctly  by  careful  Inspection,  logic  verification,  and  execution  tests. 

D.  Access  to  arrays  and  variables  should  be  limited  to  those  arrays  and  variables  actually 
needed  In  the  subprogram  (e.g.,  limit  COMMON  blocks  and  subprogram  arguments 
to  thoee  actually  needed)  (Refs.  13  and  31). 

1.  The  primary  method  of  providing  access  to  arrays  and  variables  is  through 
argument  lists. 

2.  The  secondary  method  of  providing  access  is  through  labeled  COMMON  blocks, 
whose  usage  is  severely  restricted  (Ref.  fl). 

3.  COMMON  blocks  may  be  either  local  or  global. 

a.  A  local  COMMON  block  may  be  used  only  within  a  module.  Once  a  value 
ta  set  in  a  COMMON  block  it  may  not  be  changed  unless  it  Is  a  local 
COMMON  block  confined  to  a  module,  as  defined  in  Section  3.5. 

b.  A  global  COMMON  block  may  be  used  anywhere  in  a  program  but  only 
within  specified  constraints. 

(l)  Globally  applied  COMMON  blocks  are  permitted  to  carry  only  un¬ 
changing  quantities  into  subprograms.  Global  COMMON  blocks  must 
not  transfer  variables  out  of  a  subprogram  that  have  been  modified  or 
altered  in  that  subprogram,  except  for  the  initialization  of  the  COM¬ 
MON  block.  Data  stored  in  a  globally  applied  COMMON  block  must 
not  be  subsequently  modified. 
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(2}  Global!}'  applied  COMMON  block*  must  b«  loaded  by  mean*  of  either 
DATA  itaiemcnu  in  BLOCK  DATA,  by  reading  a  data  Hie  at  the  be* 
ginning  of  program  execution,  or  by  a  one-time  calculation. 

3.5  MODULE 

A  module  (colloquially  referred  to  a*  a  package  of  tightly  knit  subprogram*)  comim 
of  cloiely  related  subprogram*  which  share  an  execution  and  Interface  environment  (refer 
to  Appendix  A). 

A.  A  module  must  have  a  well-defined  objective  of  limited  scope. 

D.  A  module  must  manipulate  a  single  conceptually  related  data  structure.  This  data 
structure  is  Isolated  from  the  external  environment.  No  subprogram  outside  of  the 
module  has  access  to,  or  information  about,  the  data  structure. 

C.  A  module  consists  of  one  or  more  Interface  subprograms  and  subordinate  subpro¬ 
grams. 


D.  A  module  must  have  a  minimal  externa)  interface.  Variables  and  arrays  may  be 
passed  to  and  from  a  module  only  via  arguments  of  interface  subprograms. 

E.  Within  a  module,  arrays  and  variables  may  be  transferred  vertically  via  arguments,  or 
transferred  laterally  between  subprograms  of  the  module  via  a  single  labeled  COM¬ 
MON  block  (containing  conceptuelly  related  variables).  This  labeled  COMMON 
block  is  local  and  can  be  used  only  within  the  module. 

F.  A  module  must  be  thoroughly  documented. 

1.  AU  subprograms  in  a  module  must  be  identified  in  their  internal  documentation 
as  belonging  to  the  module. 

2.  Each  interface  subprogram  must  be  explicitly  identified  as  such  in  its  internal 
documentation. 

3.  Each  interface  subprogram  must  contain  a  master  list  showing  the  identities 
and  purpoees  of  every  subprogram  in  the  module. 

4.  Each  interface  subprogram  must  be  named  in  the  internal  documentation  of 
every  subprogram  In  the  module. 

G.  Examples  of  modules  include: 

1.  An  input  subprogram  and  its  subordinate  subprograms. 

2.  The  subprograms  comprising  a  consolidated  phenomenological  model. 

3.  A  data  manipulation  subprogram,  with  subordinate  subprograms  performing 
calculations  of  data  on  the  grid. 
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H.  Subprogram  and  module*  ire  fundamentally  difftrr.nl;  what  U  central  to  one  may 
be  Inappropriate  to  the  other.  A  subprogram  perform*  a  single  task,  whereas  a 
module  collect*  several  tasks  together  which  share  the  support  of  a  data  structure, 
and  which  hide  the  data  structure  from  the  external  environment.  While  a  single 
Interface  U  good  structure  for  a  subprogram,  It  doe*  not  necessarily  promote  sound 
programming  for  a  module.  A  module  should  have  a  separate  subprogram  Interface 
for  each  operation  on  the  data  structure;  each  Interface  subprogram  should  have  an 
argument  list  that  corresponds  to  the  Information  needed  to  perform  the  task  on  the 
data  structure. 

3.6  STRUCTURED  STYLE 

One  of  the  fundamental  elements  of  well-written  code  Is  the  application  of  a  structured 
style  to  the  complete  program,  to  each  subprogram,  and  to  each  module  (Ref.  .31). 

A.  Structured  style  applies  to  the  complete  program. 

1.  Good  structure  Is  the  key  to  both  a  well-organised  program  and  a  program  that 
can  be  easily  adapted  to  solve  new  problems  (Ref.  31).  Changes  to  a  program 
should  only  require  modifications  to  the  executive  and  the  addition  of  new  sub¬ 
programs  and  module*.  It  Is  widely  agreed  that  logically  partitioned  FORTRAN 
programs  minimise  code  errors  and  execution  failures  (Refs.  4  and  6), 

3.  The  schematic  of  a  program  Is  illustrated  In  Fig.  1.  Each  computer  program 
must  be  organised  Into  separate  sections: 

a.  executive, 

b.  Input, 

c.  computations, 

d.  output, 

e.  error  exit  if  needed,  and 

f.  data  structure  definition,  if  needed. 

3.  This  overall  structure  consolidates  related  tasks.  Modifications  and  incorpora¬ 
tion  of  new  computational  models  are  readily  integrated  into  these  sections. 

0.  Structured  style  applies  to  each  subprogram. 

1.  Good  structure  allows  a  subprogram  to  be  written  independently  of  other  sub¬ 
programs,  and  allows  subprograms  to  be  modified  or  replaced  quickly,  easily, 
and  reliably  (Ref.  2). 

2.  Each  subprogram  must  have  a  single  purpose  so  that  program  modifications  axe 
usually  limited  to  changes  in  the  executive  and  to  tho  replacement  or  addition 
of  individual  subprograms. 
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Figure  1.  Schematic  of  a  computer  program.  Error  exit  subprogram*  may  be 
called  at  necetiary  from  any  subprogram. 
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3.  The  input*  end  output*  of  each  subprogram  must  be  well-defined  with  clear  and 
specific  interface*  (Ref*.  17-19}. 

C.  Structured  style  applies  to  each  module. 

1.  A  module  should  be  written  independently  of  other  module*,  and  should  be  writ, 
ten  so  that  it  can  be  modified  or  replaced  quickly,  easily,  and  reliably  (Ref.  3). 

3.  Each  module  must  have  a  primary  purpose  so  that  program  modifications  are 
usually  limited  to  changes  in  the  executive  and  to  the  replacement  or  addition 
of  modules. 

3.  The  inpuu  and  outpuu  of  each  module  must  be  well-defined  with  clear  and 
specific  interfaces  through  one  or  more  interface  subprograms  (Refs.  17-19). 

4.  Data  structures  within  a  module  must  be  isolated  from  the  external  environ* 
ment. 

4  PROGRAM  ORGANIZATION 

•1.1  EXECUTIVE  CONTROL 

A.  The  executive  is  the  program  controller.  The  executive  Is  a  logic  and  Sow  director 
only. 

B.  It  writes  the  program  ijame,  version  number,  version  date,  current  time,  and  date  to 
the  primary  output  text  file. 

C.  It  directs  the  reading  of  the  input,  dirccU  the  computations,  writes  appropriate 
periodic  progress  messages,  and  directs  the  writing  of  the  final  output, 

D.  The  primary  purpose  of  the  executive  is  to  orchestrate  the  logic.  All  nontrivial 
computations  are  done  in  subordinate  subprograms.  The  executive  is  limited  to 

<  administrative  computations  necessary  for  orchestration. 

4.2  INPUT  PRACTICES 

1  A.  The  reading  of  user*specified  data  from  any  source  must  be  controlled  by  an  input 

subprogram  or  module. 

1.  It  may  retd  alt  the  user-defined  data  directly  or  be  an  input  master  subprogram 
that  directs  other  subordinate  subprograms  to  read  or  process  input  data. 

2,  Input  data  must  be  read  only  in  input  subprograms,  not  anywhete  else  in  the 
program. 
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D.  Keyword-driven  input  U  encouraged  (Ref.  31).  (Keyword-driven  input  U  similar 
to  tabic-driven  (Ref.  10)  and  name-directed  (Rtf.  21)  input.  This  input  form  is 
substantively  different  from  NAMELIST,  which  is  forbidden. 

1.  Keyword-driven  input  increases  readability  of  input  files,  and  minimises  order- 
of-lnpul  errors  (Ref.  21). 

2.  The  objectives  for  keyword-driven  input  are  (Ref.  21): 

Clarity:  minimise  user  confusion, 

Conciseness;  minimise  useless  verbiage, 

Oryamia(:'on:  maximise  proximity  of  related  information, 

Flizibtiity:  minimise  artificial  limitations,  and 

E<ut  o I  Uit/Ltarning:  minimise  inconvenience  or  time  to  learn. 

C.  Fixed-field  input  l:  acceptable.  Human  engineering  of  all  formatted  input  data  files  is 
critically  Important.  Fields  of  five  or  multiples  of  five  must  be  used.  Such  formatting 
improves  readability. 

D.  Completely  free-field  input  is  discouraged  except  to  Impiernent  keyword-driven  in¬ 
put.  Free-field  means  the  input  stream  has  no  predefined  column  positions  where 
Information  is  to  be  placed. 

E.  Specification  of  input  options  with  numbers  is  forbidden;  use  mnemonic  keywords. 

F.  Nonsensical  or  out-of-range  values  are  forbidden  as  input  options  or  control  flags. 
Example:  Do  not  use  the  negative  component  of  -10  as  a  control  option  for  a 
variable  that  must  be  nonnegative  to  be  correct. 

G.  Each  user-defined  input  record  must  be  written  to  an  appropriate  output  file  (echo 
printed)  irunediately  following  the  READ  statement  for  that  record.  This  echo  print 
must  Identify  the  record  and  all  the  data  fields  on  the  record  (Refs.  7  and  19).  A 
string  of  markers  above  or  beneath  an  output  line  or  page  should  be  used  to  assist 
in  determining  the  columns  of  each  field. 

H.  Default  values  should  be  assigned  whenever  possible  by  the  input  subprograms  to 
user-defined  input  variables  when  a  value  is  not  specified  by  the  user  (Ref,  7).  Where 
it  is  reasonable  to  assign  default  values,  blank  fields  must  be  used  to  set  them. 
Default  values  must  be  identified  and  written  out  to  the  output  file  with  the  echo 
print  immediately  following  the  READ  statement  for  that  record. 

I.  Input  values  which  are  critical  (have  no  reasonable  default)  must  be  explicitly  checked 
as  specified  in  the  following  paragraph.  Such  values  must  be  identified  in  the  internal 
and  external  documentation.  Nonentry  of  a  critical  value  must  be  treated  as  bad 
input  data. 
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J.  Alt  input  data  mutt  be  checked  Tor  unreasonableness,  inconsistencies,  and  oul-of* 
range  value*  (Reft.  7, 10,  27,  and  31).  At  a  minimum,  exhaustive  error  checking  of 
all  Input  data  against  the  entire  permissible  range  of  values  Is  mandatory.  If  bad 
Input  data  are  discovered,  descriptive  error  messages  must  be  written  In  sulliclent 
detail  to  locate  and  Identify  the  problem. 

K.  If  one  or  more  fatal  Input  errors  are  detected,  scanning  of  input  data  should  continue 
as  far  as  possible,  issuing  error  messages  as  problems  are  detected.  Aitcr  scanning 
of  Input  data  for  errors  has  proceeded  as  far  as  practical,  execution  must  stop  or  be 
aborted. 

L.  Entering  the  same  datum  more  than  once  is  forbidden  (e.g.,  the  density  of  aluminum 
must  not  be  entered  more  than  once). 

M.  Conceptually  similar  input  data  should  be  grouped  together. 

N.  Changes  of  engineering  units  (e.g.,  Inches  to  centimeters)  should  be  made  In  Input 
subprograms,  and  should  be  done  es  soon  as  practical  after  associated  READ  state¬ 
ments. 

O.  The  reading  of  input  should  be  terminated  by  an  end-of-file  or  a  marker  (Refs.  7  and 
10).  Termination  by  predetermined  count  is  discouraged  (Ref.  19), 

P.  The  END  option  in  a  READ  statement  must  be  used  to  preclude  an  abort  due  to 
a  premature  end-of-fi!e  on  the  input  data  stream  (Ref.  19).  The  ERR  option  In 
a  READ  statement  must  be  used  to  detect  bad  data  (but  this  check  alone  Is  not 
sufficient  input  validation).  The  IOSTAT=»  read  option  may  be  used  In  lieu  of  the 
END=  and  ERR«  options  in  eases  where  it  is  desirable  to  do  error  checking  after 
the  read,  rather  than  to  execute  a  simple  branch. 

4.3  COMPUTATIONAL  SUBPROGRAMS 

A.  The  computational  subprograms  (FUNCTIONS  and  SUBROUTINES)  must  perform 
all  nontrivial  calculations. 

B.  Each  computational  subprogram  must  either  initialize  or  define  at  first  use  all  vari¬ 
ables  Internal  to  the  subprogram  (Ref.  7). 

C.  Temporary  scratch  files  may  be  written  and  used  as  necessary  in  any  computational 
subprogram. 

4.4  OUTPUT  SUBPROGRAMS 

A.  All  final,  summary  output  must  be  written  in  output  SUBROUTINES.  Interme¬ 
diate  printing  in  computational  subprograms  is  permitted  only  when  necessary  for 
diagnostic  output. 
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D.  Interim,  diagnostic  output  may  be  written  m  needed  u  specified  in  Section  4.1, 
Standard*  B  and  C  on  page  7,  and  Section  4.2,  Standard  C  on  page  3. 

C.  All  output  text  and  graphical  data  tnuat  be  clearly  defined  and  explicitly  labeled. 
The  output  page*  ihould  each  provide  sufficient  explanation  of  their  content.  When 
necessary  for  full  understanding,  output  must  be  preceded  by  a  page  which  explains 
in  detail  the  output  appearing  on  the  following  >-:ge  or  pages.  Engineering  unit* 
must  be  associated  with  all  output  number*  and  graph  axe*. 

D.  A  scale  factor  of  1  must  be  used  with  ail  printed  output  which  uses  the  “Evv.d’ 
formal  field  descriptor  (i.e.,  the  digit  printed  to  the  left  of  the  decimal  point  must  be 
nonzero  a*  in  *1.2345Et12,'  rather  than  ‘0.1234E+13").  Note  that  a  scale  factor 
applies  to  all  subsequent  fields  in  the  FORMAT  statement.  If  a  “IPEw.d"  precedes  a 
“Fw.d*  specification,  the  *F"  specification  muat  be  changed  to  ‘OP  Fw.d"'  to  obtain 
the  desired  *F"  specification  output. 

4.5  ERROR  EXIT  SUBPROGRAMS 

A.  Error  exit  subprograms  are  not  required,  but  may  be  used  to  perform  error  analysis, 
error  reporting,  and  final  cleanup  prior  to  abnormal  program  termination. 

D.  When  used,  error  exit  subprograms  must  immediately  precede  any  BLOCK  DATA 
subprograms,  or  must  be  the  last  subprogram*  If  BLOCK  DATA  subprograms  are 
not  used. 

4.6  BLOCK  DATA  PLACEMENT 

When  used,  BLOCK  DATA  must  be  at  the  end  of  a  module  or  program.  All  BLOCK 

DATA  must  be  named. 


5  DOCUMENTATION 

5.1  EXTERNAL  DOCUMENTATION 

Each  program  must  be  fully  documented.  Documentation  equivalent  to  the  American 
National  Standard  Guideline*  hr  the  Documentation  of  Digital  Computer  Programs  is 
recommended  (Ref.  12}.  Documentation  must  ineiude:  (l)  the  computer  program  abstract; 
(2)  application  information  (user's  manual);  (3)  problem  or  function  definition;  (4)  program 
design  information;  and  (5)  sample  problems  (refer  to  Section  0.13,  Standard  G  on  page  23). 

5.2  INTERNAL  DOCUMENTATION 

The  following  internal  documentation  requirements  apply  to  the  executive  and  ail  sub¬ 
programs.  In  addition  to  external  documentation,  complete  and  detailed  comments  must 
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be  interspersed  within  the  code  itself  (Refs.  H  and  31).  Subprogram*  using  nonANSI 
FORTRAN*-”*  must  be  specifically  Men tilled  In  their  preamble  (refer  to  Section  0,  page  30). 

5.3.1  Preamble  documentation  -  The  beginning  of  the  executive  and  each  subpro¬ 
gram  must  have  a  standard  comment  section  that  fully  describes  the  coding  and  specifies 
all  Information  that  passes  Into  or  out  of  It  (Ref.  10).  This  preamble  begins  with  the  first 
line  below  the  name  and  ends  with  the  line  Just  prior  to  the  first  noncomment  statement 
(normally  a  PARAMETER  statement).  The  following  general  rules  apply  to  all  preambles: 

A.  Correct  grammatical  style  and  punctuation  will  be  used  throughout  the  preamble. 

B.  Abbreviations  will  be  limited  to  those  defined  within  the  preamble  except  for  the 
standard  unit*  abbreviations. 

C.  Every  line  of  the  preamble  will  have  a  ‘C*  in  column  1,  except  blank  comment  lines. 

D.  The  maior  headings  Purpose,  input,  Output,  etc.,  wili  start  in  column  five  and  all 
additional  indentations  are  moved  to  the  right  at  multiples  of  5  spaces.  ■ 

The  order  and  format  of  the  preamble  is  specified  to  insure  uniformity  of  consent  and 
appearance.  The  content  and  order  of  the  information  In  the  preamble  changes  slightly  for 
the  program  executive,  an  ordinary  subprogram,  or  an  input  subprogram. 

5. 3. 1.1  Executive  preamble  -  The  following  information  in  the  sequence  specified 
will  appear  in  each  program  executive: 

A.  The  description  of  the  program.  Included  in  'he  description  will  be  a  statement  of 
purpose,  an  outline  of  the  method  used,  a  description  of  the  known  limitations  of 
the  program,  and  a  brief  summary  of  the  input  and  output  data. 

B.  The  version  number  and  its  date. 

C.  The  name,  organization,  address  and  phone  number  of  the  programmer. 

D.  A  list  of  all  files  used  by  the  program.  The  list  will  include  a  brief  description  of  the 
file  type,  structure,  and  contents. 

E.  A  list  and  one  line  description  of  each  subprogram  called  by  the  executive. 

F.  An  alphabetized  list  with  full  descriptions  (including  units)  of  ail  local  variables  used 
in  the  executive. 

G.  A  list  of  references  used  in  the  program. 

See  Appendix  B  for  an  example  of  an  executive  preamble. 
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5. 3. 1.3  Subprogram  preamble-  The  following  Information  In  the  sequence  specified 
will  appear  In  each  subprogram: 

A.  A  statement  of  subprogram  purpose. 

D.  The  version  number  and  Its  date.  Revisions  to  the  Initial  version  must  Include  a  brief 
summary  of  each  change,  who  modified  the  subprogram,  and  the  date  of  modification. 

C.  The  name,  organisation,  address,  and  phone  number  of  the  programmer. 

D.  A  list  of  files  used  and  a  brief  description  of  the  (lie  type,  structure,  and  contents, 

E.  A  list  and  one  line  description  of  each  subprogram  required  by  the  subprogram. 

P.  An  alphabetised  list  and  full  descriptions  (including  units)  of  all  local  variables. 

G.  A  list  of  references  used  to  develop  the  subprogram. 

H.  An  alphabetised  list  and  full  descriptions  (including  units)  of  all  input  variables  from 
all  sources. 

I.  An  alphabetised  list  and  full  descriptions  (including  units)  of  all  output  variables. 

J.  If  a  commercial  software  or  system  utility  Is  used,  a  statement  warning  the  user  of 
its  use  Is  placed  here.  Identify  the  I/O  units  used  by  the  package  or  utility,  if  known. 

K.  An  alphabetised  list  and  full  description  of  all  special  constants. 

Optional  information  that  can  be  included  in  the  preamble  is  a  statement  of  method 
which  would  be  placed  immediately  after  the  purpose.  Notes  may  be  placed  anywhere  if 
they  are  needed  to  highlight  some  unusual  feature  or  provide  additional  information.  See 
Appendix  C  for  an  example  of  a  subprogram  preamble. 

5.3. 1.3  Input  subprogram  preamble  -  Input  subprograms  have  some  documen¬ 
tation  requirements  in  addition  to  the  requirements  in  Section  5.2.I.2.  The  following 
information  must  appear  in  the  places  specified: 

A.  A  description  of  each  input  record  must  be  given  after  the  output  variable  list.  The 
information  muit  Include  the  variable  name,  the  columns  or  field  location,  the  format 
and  full  description.  The  description  must  include  the  input  engineering  units,  range 
of  allowable  values,  and  program  default  values,  if  any. 

B.  If  more  than  one  record  is  read  by  the  subprogram,  then  the  number  and  types  of 
records  that  can  be  read  must  be  summarixed.  This  information  will  be  placed  just 
following  the  description  of  the  input  records. 

See  Appendix  D  for  a  brief  example  of  an  input  subprogram  preamble. 
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5.2.2  Comment  form,  i tyle,  and  placement  -  Commenting  uniformity  eases  the 
tasks  of  reading  and  understanding  the  code. 

A.  Comments  must  provide  additional  Information  not  easily  found  In  the  code  Itself 
(Ref.  7).  Describe  the  intent  of  a  segment  of  code;  do  not  merely  restate  the  code 
(Ref.  19). 

D.  Comments  containing  Information  (I.e.,  other  than  blank  separate,  lines)  must  equal 
at  least  twenty  percent  of  the  total  number  of  executable  statements  In  the  subpro¬ 
gram.  Each  subprogram  must  meet  this  requirement.  This  minimum  percentage  Is 
Intended  to  insure  that  the  Internal  code  documentation  Is  adequate  to  explain  the 
variables,  clarify  the  logic,  and  summarise  what  the  code  Is  trying  to  accomplish. 

C.  More  than  15  consecutive  FORTRAN'  executable  statements  are  forbidden  without 
at  least  one  informative  comment.  Meaningful  sections  of  code  should  be  shorter 
than  10  to  15  executable  statements  (Ref.  19). 

D.  Comments  must  be  written  simultaneously  with  the  code,  not  after  coding  has  been 
completed.  When  coding  Is  changed,  the  comments  must  be  modified  simultaneously. 
Simultaneous  commenting  has  been  shown  to  produce  more  complete  and  accurate 
internal  documentation  (Refs.  9, 23,  and  23). 

E.  Comments  must  always  precede,  not  follow,  the  code  being  described.  All  comments 
must  appear  between  the  PROGRAM,  BLOCK  DATA,  FUNCTION  or  SUBROU- 
TINE  statement,  and  the  associated  END  statement. 

F.  Comments  which  appear  before  the  executable  portion  of  each  subprogram  must 
begin  In  column  5.  Comments  which  follow  the  preamble  and  are  Interspersed  with 
executable  code  must  be  indented;  these  Indented  comments  muse  begin  In  column  20 
(Ref.  19).  Further  Indenting  Is  permitted  occasionally  when  it  improves  clarity. 

G.  To  improve  visual  clarity,  blank  lines  must  proceed  and  follow  a  block  or  one  or  more 
Informative  comments. 

H.  Comments  must  not  be  bordered  in  any  way  by  lines  or  columns  of  characters. 
Drawing  boxes  around  comments  Is  forbidden. 

I.  Inserting  comments  between  the  continuation  lines  of  nonexecutable  or  executable 
statements  Is  forbidden. 

J.  Identical  comments  which  describes  the  contents  of  a  COMMON  block  must  Immedi¬ 
ately  precede  that  block  every  time  it  appears.  Each  COMMON  block  variable  must 
be  described  in  order  of  appearance.  (Refer  to  Section  0.10,  Standard  H  on  page  20.) 

K.  Identical  comments  which  describe  the  contents  of  a  PARAMETER  statement  must 
Immediately  precede  that  statement  every  time  it  appears. 
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JL,  Comment*  moil  use  mixed  upper-  and  lower-ease  letter*. 

1.  Only  prim  vble  US  ASCII  character*  (refer  to  Appendix  £}  may  be  used  in 
comment*  and  CHARACTER  string*. 

2.  Correct  sentence  structure  and  grammatical  style  should  be  used. 

3.  The  imperative  form  of  a  lenience  may  be  used. 

4.  Phrase*  may  be  u*cd  oniy  when  their  meaning  U  absolutely  clear  (lenience*  are 
preferred), 


6  ROBUST  PRINCIPLES  AND 
IMPLEMENTATION 

All  subprogram*  must  be  written  employing  robust  principle*.  A  robust  subprogram 
does  not  fall  undss  any  circumstance*.  Defensive  coding  must  always  be  used  because  it 
helps  achieve  this  objective  (Ref.  7).  Many  proven  technique*  that  lessen  the  probability 
of  a  failure  m  summarised  below. 

C.l  CODE  STRUCTURE 

A.  A  PROCRAM  statement  must  be  the  first  statement  in  an  executive,  and  therefore 
must  b«  the  2r*t  statement  in  any  program. 

Q.  Each  subprogram  must  have  a  single  entry  located  only  at  the  first  executable  state¬ 
ment. 

C.  Each  subprogram  should  have  only  a  single  exit  located  at  the  end  of  lu  executable 
statements  (Ref.  0).  Exceptions  are  permitted  only  to  eliminate  a  branch  to  the  exit 
and  Improve  clarity.  However,  when  a  subprogram  needs  statements  which  are  guar¬ 
anteed  to  execute  whenever  the  subprogram  exits,  then  a  single  exit  Is  mandatory. 

D.  A  subprogram  should  be  short,  consistent  with  the  process  being  performed.  Sub¬ 
program*  with  more  than  100  executable  ltatemenU  are  discouraged  (Ref.  6).  More 
than  300  executable  statement*  are  forbidden.  (Comments,  FORMAT*,  and  DATA 
definitions  arc  automatically  excluded  because  they  are  not  executable  statements. 
COMMON  block*  and  type,  PARAMETER,  and  DIMENSION  declarations  arc  not 
executable  and  are  excluded  a *  well.)  Long  subprograms  tend  to  be  disproportion¬ 
ately  more  complex  (Ref.  17). 

E.  Decision*  made  at  one  level  of  a  software  structure  frequently  have  an  effect  on  other 
levels  (Ref.  0). 

1.  If  a  lubprogram  reference*  a  *ubordinate  subprogram,  then  the  subordinate 
subprogram  is  within  the  span-of-eontro!  of  the  first. 
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2.  If  a  decision  made  within  the  first  subprogram  directly  aifecls  a  process  within 
th«  second,  then  the  second  subprogram  Is  within  the  scepe-of-cffcct  of  the  first 
(Ref.  0). 

3.  The  direct  span*©f*controi  of  x  subprogram  is  iucif  and  all  direct!}’  subordinate 
subprograms. 

a.  In  Fig,  2,  Subprograms  D,  C,  and  II  are  in  the  direct  span-of-control  of 
Subprogram  D. 

b.  Subprogram  K  is  within  the  indirect  ipan-of-control  of  Subprogram  D.  and 
in  the  direct  span-of-control  of  Subprogram  C. 

c.  Subprograms  I,  J,  and  K  are  basic  subprograms. 

d.  Subprogram  d  is  a  general  purpose  subprogram  which  may  be  called  from 
any  hierarchical  level. 

e.  Subprograms  D,  C,  li,  and  K  constitute  a  module,  with  Subprogram  D  as 
Use  interface. 

f.  Coupling  between  modules  employing  local  COMMON*  blocks  is  forbidden. 
For example,  Subprogram  C  U  within  a  module;  it  must  not  be  linked  lat¬ 
erally  to  Subprogram  F  by  a  local  COMMON  block  (refer  r  Vppendix  A). 

4.  Subprograms  should  be  designed  so  that  their  indirect  span-oh  vitrei  is  mini¬ 
mised.  A  itrSctlydlnear  dccpiy-dcsccnding  hierarchy  of  subprograms  is  generally 
poor.  A  shallow  parallel  structure  is  recommended. 

5.  A  subprogram  must  not  directly  reference  more  than  nine  diifcrent  subordinate 
subprograms;  thus,  the  direct  apan-«f-coniro!  must  not  exceed  nine  (exclud¬ 
ing  Intrinsic  FUNCTION'S  and  general-purpose  system  library  subprograms) 
(Ref.  13). 

F.  The  genera)  Sow  of  any  subprogram  must  be  downward  from  the  entry  to  an  exit 
(Ref.  6),  except  for  the  DO,  and  the  equivalent  FORTRAN*  implementation  of  DO 
WHILE  (Ref.  20),  REPEAT  UNTIL,  and  LOOP  LEAVE  AGAIN  (Ref.  22)  constructs 
(see  Appendix  F). 

G.  The  action  clause*  of  any  control  structure  (looping  constructs,  CASE  structures,* 
and  IF-THEN-EL3E  statements)  must  be  indented  to  provide  better  readability 
(Refs.  0  and  19). 

1.  The  code  must  be  Indented!  to  reSecl  the  nesting  levels. 

2.  Each  nest  must  be  indented  three  columns  to  the  right  of  those  at  the  previous 
nesting  level. 

X  Ali  code  within  the  same  level  of  nesting  must  start  in  the  same  column. 

H.  The  END  statement  must  not  be  used  in  lieu  of  a  RETURN  statement.  A  RETURN 
statement  is  always  required, 

•Refer  M  AppeadU  C  for  addition)  iafornulloa  ea  the  CASE  tincture  aad  repetitive  ELSEIF  use. 
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L  If  a  statement  doc*  not  need  ft  tabel,  it  is  forbidden  to  have  one.  A  statement  need* 
&  label  only  when  it  U  referenced  by  another  statement. 

4.  All  Icatlon  statements  must  appear  before  the  lint  executable  statement  and 
must  de  any  statement  FUNCTION  definitions. 

K.  All  statement  FUNCTION*  must  Immediately  precede  the  first  executable  atatemvut 
in  each  subprogram  and  must  be  preceded  by  comments  which  describe  the  purpose 
of  the  statement  FUNCTION,  the  arguments  accepted  and  the  results  produced. 

L.  All  statement  labels  must  begin  with  at  least  the  number  IQ  and  be  left  Justified 
in  column  2,  These  numbers  must  be  in  ascending  order  within- each  subprogram 
(Kef.  0). 

M.  FORMA?  statements  must  be  grouped  at  the  end  of  each  subprogram  immediately 
preceding  the  END  statement.  FORMAT  statement  labels  must  begin  with  at  least 
100,  must  he  In  asecedlng  order  (Ref.  0),  and  must  be  larger  than  the  preceding 
executable  statement  label. 


Figure  3.  Subprogram  hierarchy  example  (Ref.  0). 
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N.  Continuation  lines  ate  permitted. 

1.  The  maximum  number  of  continuation  lines  for  an  executable  FORTRAN  state¬ 
ment  Is  nine  (Ref.  0). 

2.  Continuation  lines  for  executable  statements  must  be  sequentially  numbered  In 
column  0  with  Integers  sequenced  from  1  through  0. 

3.  Continuation  lines  for  nonexecutable  statements  must  be  sequentially  numbered 
In  column  0  with  Integers  sequenced  from  l  through  9,  then  with  sequential 
letters  of  the  alphabet  beginning  with  A  In  column  0  for  continuations  longer 
than  nine  lines. 

4.  All  continuations  must  have  a  blank  in  column  7,  with  the  sole  exception  of 
FORMAT  statements. 

O.  Long  statements  should  be  organixed  Into  short  and  easily  understood  sections. 
Statements  with  more  than  five  simple  sections  are  generally  difficult  to  understand, 
and  Increase  the  probability  of  introducing  mbplaced  parentheses  and  unintended 
operations  (Ref.  19). 

G.2  GENERAL  RULES 

A.  Logical  correctness,  functional  reliability,  and  good  architecture  are  much  mote  Im¬ 
portant  than  execution  speed. 

1.  Coding  must  not  be  made  complex  to  ’increase  speed.  Such  efforts  frequently 
Introduce  errors  while  tL-io  producing  coding  which  is  incomprehensible  to  other 
programmers  (Refs.  7,  9,  and  19). 

3.  Efficiency  Is  usually  determined  by  the  algorithm  chosen  rather  than  by  how 
compactly  it  is  coded  (Ref.  7). 

B.  Deeply  nested  statements  produce  obscure  code.  Multiple  nesting  should  be  used 
with  great  care,  and  only  when  multiple  nesting  will  produce  well-structured  code. 

1.  Triply  or  deeper  nested  “IF-THEN-ELSE"'  statements  axe  discouraged  (Ref.  0). 

3.  Many  repetitive  ELSEIF  clauses  with  lengthy  blocks  and  Inadequate  comments 
produce  obscure  code  and  are  discouraged. 

3.  A  few  well-documented  repetitive  ELSEIF  claused  with  short  blocks  (simulating 
the  Pascal  language  CASE  statement)  produce  understandable  code  and  are 
encouraged.  Each  ELSEIF  clause  must  be  preceded  by  informative  comments. 

C.  Error  checking  code  must  be  permanently  incorporated  (Ref.  19).  All  error  messages 
must  be  descriptive,  grammatically  correct,  and  concisely  written. 
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D.  Each  program  must  be  written  to  minimire  requirement!  on  the  computer  operator 
such  as  punched  card  handling,  magnetic  tape  mounting  and  demounting,  restarting 
after  programmed  PAUSE,  and  io  forth  (Ref.  21). 

E.  The  PAUSE  atatement  may  not  be  uicd  unless  it  is  absolutely  essential  for  the  correct 
operation  of  the  program  (Refs.  0  and  21).  Al!  such  PAUSE  statements  must  be  fully 
documented  with  complete  operating  instructions. 

?.  AH  FORTRAN  code  must  be  in  upper-ease  letter*  (Ref.  1),  exeept  for  CHARACTER 
data  and  comments. 

0.  CHARACTER  data  may  contain  mixed  upper  aud  lower  ease  (Rtf.  1),  and  Upper 
and  lower  ease  uie  is  recommended  for  general  text  not  put. 

li.  Engineering  unltxtfcust  be  the  same  throughout  the  program,  and  are  permitted  to  be 
cbangc&iudy  immediately  after  input  or  immediately  before  output.  This  consistency 
minimizes  ihc  probability  of  inadvertently  using  incorrect  units  in  a  computation. 

I.  Unsatisfied  externals  are  not  permitted  in  executable  code.  Stub  subprograms  (dummy 
subprograms  which  merely  return  sample  values  rather  than  calculated  results)  may 
be  used,  if  necessary,  to  satisfy  externals  during  code  development. 

6.3  DATA  INITIALIZATION 

A.  Floating  point  and  integer  constants  which  have  physical,  mathematical,  or  engineer¬ 
ing  significance  (e.g.,  Avogadro's  number  *N"  and  the  speed  oflight  “c")  should  not 
appear  explicitly  in  the  executable  code  (Ref.  0), 

1.  These  constants  should  be  defined  using  PARAMETER  names  and  their  de¬ 
scription  provided  in  comments  prior  to  the  PARAMETER  statement.  Names 
for  these  constants  must  be  descriptive. 

2.  Unitless,  simple  mathematical  Boating  point  values  (such  as  O.S,  2.0, 3.5, 10.0, 
50.0,  etc.)  usually  do  not  require  any  additional  description  and  should  appear 
directly  in  the  executable  code. 

3.  Integer  values  should  appear  directly  in  the  executable  code  rather  than  in  a 
defined  constant  (refer  to  Standard  C  of  this  section  and  Standard  A  of  Sec¬ 
tion  0.5,  page  21). 

4.  Any  irrational  number  (e.g.,  “s"  and  the  base  of  natural  logarithms  “e")  must 
be  defined  with  at  least  10  significant  digits  using  a  PARAMETER  statement. 
Computer  system  constraints  rather  than  the  programmer  should  limit  preci¬ 
sion. 

B.  When  a  scalar  variable  represents  a  nonchanging  value,  the  variable  must  be  preset 
in  a  PARAMETER  statement  rather  than  by  executable  code  (Ref.  7). 
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1.  Other  variable)  should  be  initialised  through  the  use  of  executable  code  (Refs.  7 
and  0);  however,  reasonable  exceptions  exist  (such  as  the  initialization  of  coun¬ 
ters), 

2.  Only  one  version  of  a  PARAMETER  statement  may  be  maintained.  Each  PA¬ 
RAMETER  statement  and  the  associated  comments  used  In  more  than  one 
subprogram  must  be  inserted  automatically  into  each  applicable  subprogram 
(Ref.  0).  This  capability  exists  on  many  computet  systems  using  features  such 
as  UPDATE,  HISTORIAN,  or  the  INCLUDE  statement  (Ref.  50).  PARAM¬ 
ETER  statements  used  only  In  a  single  subprogram  may  be  defined  explicitly 
in  that  subprogram. 

C.  PARAMETER  names  must  be  used  to  set  all  array  dimensions.  When  arrays  are  in 
COMMON  blocks,  explicit  PARAMETER  statements  must  be  used.  All  references 
to  array  bounds  must  use  the  PARAMETER  name  and  not  a  literal  constant.  This 
requirement  does  not  extend  to  object-time  dimensioning.  Using  the  same  PARAM¬ 
ETER  name  to  set  more  than  one  dimension  Is  forbidden  unless  the  dimensions  are 
logically  related  and  will  always  be  identical. 

G.-l  ARITHMETIC  OPERATIONS 

A.  Parenthesize  to  avoid  ambiguity  (Refs.  7  and  10).  Do  not  rely  on  an  assumed  eval¬ 
uation  order  for  arithmetic  expressions.  In  all  arithmetic  expressions,  parentheses 
must  be  used  to  define  the  proper  order  of  evaluation.  For  example,  the  following 
ambiguous  statement:  AaB/C/D  should  be  either  A=(B/C)/D  or  A«=B/(C/D).  A 
belter  form  would  replace  one  of  the  divisions  by  a  multiplication. 

B.  Expressions  involving  successive  exponentiations  (suehas  A,*B**C)  must  be  explic¬ 
itly  parenthesized  to  show  order  of  evaluation  (Ref.  19),  The  evaluation  order  is 
clarified  by  parentheses  (e.g.,  A**(B“C)). 

C.  Whole  numbers  used  as  exponents  should  be  integer  constants  or  integer  variables 
(Ref.  0). 

D.  Mixed  mode  arithmetic  statements  are  discouraged  (Ref.  0).  Mixed  mode  assign¬ 
ments  or  arithmetic  expressions  are  allowed  only  with  the  explicit  use  of  type  con¬ 
version  FUNCTIONS  (e.g.,  INT(X),  FLOAT(N),  DBLE(X))  (Ref.  0).  Integer  expo- 
nenti&tion  is  not  considered  mixed  mode  arithmetic. 

E.  When  an  operation  is  performed  that  has  a  restricted  domain,  the  validity  of  the  op¬ 
eration  must  be  checked  before  the  operation  is  executed  (Ref.  19).  Some  operations 
with  restricted  domains  are: 

1.  Division  -  Check  every  denominator  for  a  zero  or  near-zero  value. 

2.  Square  Root  -  Make  sure  the  argument  is  nonnegative. 


3.  Log  or  Ln  FUNCTION*  -  Make  sure  the  argument  U  greater  than  rcro. 

•t.  Arcsine  or  Arccosine  -  Make  sure  the  absolute  value  of  the  argument  U  less 
than  or  equal  to  one. 

S.  ArctanS  -  Make  lure  that  the  argument*  are  not  both  :ero. 

However,  Identical  redundant  cheeking  U  not  necessary.  If  an  Invalid  argument  Is 
detected,  an  error  message  must  be  printed,  out. 

F.  Testing  whether  one  computed  floating  point  value  i*  exactly  equal  to  another  U 
very  risky  (Ref.  7).  All  floating  point  lest*  for  equality  of  computed  variable*  muit 
Incorporate  a  test  accuracy  tolerance  whose  value  is  limited  by  the  unit  roundolf  of 
the  target  computer. 

G.  Subtraction  of  nearly  equal  floating  point  number*  should  be  avoided.  Restructure 
the  computation*  or  use  double-precision  coding  in  thi*  situation.  Quite  often  the 
problem  can  b<  avoided  by  Ending  an  alternate  expression  for  the  desired  quantity. 
For  example,  the  expression  for  the  floating  point  quantity 

A  ■»  1.0  -  COS(.V) 

is  given  in  better  computational  form  by 

A  «*  2.0  *  (51N(0.5  •  .Y))  •  »2 

The  two  expressione  are  identical.  In  a  mathematical  sense,  but  if  X  is  close  to  xero 
the  second  expression  Is  better  suited  for  use  on  a  computer.  Another  example  Is 

A=  -/l.O-f -V-n/i.O-.Y 

which  is  very  unstable  as  X  approaches  xero,  but 

.  _  2-0  *  X 

~  \A.O  T  -V  +  i/l.O  -  AJ 

is  mathematically  equivalent  and  avoids  the  numerical  problem  as  X  approaches 
xero.  In  both  example*  the  prefexed  expression  is  more  complex  in  appearance  than 
the  original  expression.  Therefore,  the  reason  for  using  the  more  Complex  expression 
must  be  carefully  explained  in  comments. 

H.  When  using  an  intrinsic  function,  use  Us  generic  name.  Generic  names  simplify  the 
referencing  of  intrinsic  functions,  because  the  same  function  name  may  be  used  with 
more  than  one  type  of  argument.  For  example,  DSQRT(X)  require*  the  argument  X 
to  be  a  double  precision  number.  If,  however,  SQRT(X)  is  used  (the  generic  form  of 
the  square  root  function)  the  argument  may  bt  either  single  or  double  precision  and 
the  result  will  be  the  same  type  u  the  argument. 
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G.S  GENERAL  INPUT/OUTPUT  GUIDANCE 

A.  Unit  numbers  for  Input,  output,  and  scratch  f;!«  should  bo  designated  by  a 
PARAMETER  constant  (Ref.  0);  however,  an  Integer  variable  is  permitted  if  more 
prudent.  An  Integer  constant  must  not  be  used. 

D.  All  file*  must  be  explicitly  opened  and  closed. 

1.  A  list  of  files  with  a  brief  description  of  the  exact  structure  and  contents  of  each 
file  must  be  Included  In  the  comments  section  at  the  beginning  of  the  executive. 

2.  An  OPEN  statement  allows  the  programmer  to  explicitly  define  the  status  of  a 
file  when  it  Is  opened  and  to  talce  action  if  an  expected  file  does  not  exist.  A  file 
should  not  be  opened  at  the  beginning  of  the  program  and  left  open  until  the 
end  of  the  program.  A  file  should  be  closed  immediately  when  no  more  data 
are  to  be  read  from  or  written  to  it. 

C.  All  input/output  statements  must  be  coded  using  READ  and  WRITE  statements. 

1.  All  READ  or  WRITE  statements  must  contain  unit  numbers.  The  unit  to  be 
read  from  or  written  to  must  not  be  expressed  as  a  numeric  integer  constant,  but 
must  use  the  same  PARAMETER  constant  or  integer  variable  which  opened 
that  unit. 

2.  Each  READ  and  WRITE  statement  must  be  internally  documented  and  ex¬ 
plained;  the  documentation  must  summarise  the  purpose  of  the  READ  or 
WRITE  statement. 

D.  Unformatted  input  or  output  is  encouraged  for  very  large  data  files,  al!  scratch  Stes, 
and  restart  files  (refer  to  Section  S.2,  page  29);  it  is  prohibited  for  all  other  files. 
The  FORMAT  translation  that  tabes  place  In  writing  and  reading  formatted  scratch 
files  can  needlessly  consume  significant  amounts  of  computer  time.  In  addition,  some 
accuracy  is  always  lost  in  the  formatting  process  which  Ss  not  lost  In  unformatted 
input  or  output. 

6.6  DO  LOOPS 

A.  Each  DO  loop  must  end  solely  on  a  unique  CONTINUE  statement  used  only  for  that 
loop.  Unique  CONTINUE  statements  must  be  used  a*  terminal  statements  for  DO 
loops  to  clearly  mark  the  end  of  the  loop  (in  a  manner  identical  to  the  nonstandard 
END  DO  construct)  (Refs.  19  and  20). 

B.  The  initial  and  terminal  parameters  of  a  DO  loop  must  be  explicitly  checked  or  coded 
to  assure  that  array  dimensions  will  not  be  exceeded  if  an  array  is  referenced  within 
the  loop. 
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6.7  BRANCHING 

A.  Programming  logic  should  be  straightforward,  orderly,  and  should  use  simple  logic. 

D.  Branching  should  be  held  to  a  minimum  (Ref.  31). 

1.  Particular  care  must  be  paid  to  the  necessity  and  appropriateness  of  each 
branching  statement. 

3.  Each  branching  statement  must  be  internally  documented  and  explained;  the 
documentation  must  summarise  the  purpose  of  the  branch. 

3.  It  is  sufficient  to  group  a  conditional  statement  with  the  executable  statements 
it  controls  and  document  the  combined  code  segment  once.  The  conditional 
test  and  branch  statement  does  not  need  to  be  documented  separately  from  the 
code  which  it  controls. 

C.  Branching  into  any  loop  or  control  structure  is  forbidden. 

D.  Backward  transfers  are  restricted  to  the  equivalent  FORTRAN  implementation  of 
DO  WHILE  (Ref.  20),  and  REPEAT  UNTIL  and  LOOP  LEAVE  AGAIN  constructs 
(Ref.  23)  (refer  to  Appendix  F).  All  other  backwards  branching  is  forbidden. 

E.  GO  TO  statements  are  discouraged;  if  used,  the  jump  must  be  downward  (Ref.  19), 
with  the  exceptions  of  the  DO  WHILE,  REPEAT  UNTIL,  a-j  LOOP  LEAVE 
AGAIN  constructs,  GO  TO  branching  statements  usually  proocc  obscure  code 
(Refs.  7, 14,  18,  and  19). 

F.  Every  computed  GO  TO  statement  must  be  followed  immediately  by  an  uncondi¬ 
tional  STOP  that  locates  and  identifies  the  computed  GO  TO  statement  and  prints 
the  index  value  for  which  the  computed  GO  TO  failed. 

G.  The  logical  IF  should  be  used  instead  of  the  arithmetic  IF  (Refs.  7, 19,  and  21).  The 
logical  IF  is  understood  more  quickly  and  easily  than  the  arithmetic  IF. 

H.  Parenthesize  to  avoid  ambiguity  (Refs.  7  and  19).  Do  not  rely  on  an  assumed  evalu¬ 
ation  order  for  logical  expressions. 

6.3  VARIABLE  NAMES,  TYPES,  AND  USE 

A.  Variable  names  convey  useful  information  when  carefully  selected  (Refs.  10, 14,  and 

10). 

1.  The  names  of  all  variables,  PARAMETERS,  and  COMMON  blocks  should  be 
words  or  obvious  truncations  of  words  that  mnemonically  relate  to  the  primary 
purpose  of  the  variable,  parameter,  and  common  block.  For  example,  an  ap¬ 
propriate  variable  name  for  the  speed  of  a  moving  object  could  be  '‘SPEED." 
Inappropriate  names  would  be  “XYZ"  or  “EED"  or  "SP"  because  these  exam¬ 
ples  have  no  obvious  and  apparent  mnemonic  relationship  to  speed. 
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2.  Long  (G-eharaetcr  maximum)  variable  names  should  be  used. 

3.  Using  the  first  letter  of  each  word  in  a  phrase  to  form  a  variable  name  is  for¬ 
bidden  unless  it  constitutes  an  accepted  acronym. 

4.  Using  the  numerals  0  (sero)  or  1  (one)  in  variable  names  is  discouraged.  These 
numerals  are  easily  confused  with  the  alphabetic  characters  'O'  and  *P  in 
upper  case  on  many  output  devices  (Refs.  10  and  13). 

5.  FORTRAN-77  symbolic  names  must  be  different  from  FORTRAN-77  keywords. 

D.  Only  one  type  declaration  is  allowed  for  any  constant  or  variable  name  (Ref.  0). 

C.  The  FORTRAN-77  default  Implicit  declaration  for  REAL  and  INTEGER  variable 
names,  PARAMETER  names,  and  nongeneric  FUNCTION  names  must  be  used. 

1.  FORTRAN-77  implicitly  assigns  Integer  values  to  such  names  beginning  with 
I  through  N;  otherwise  real  values  are  assigned.  Adhering  to  this  convention 
greatly  facilitates  debugging  and  decreases  the  probability  of  confusing  REAL 
and  INTEGER  types. 

2.  Meaningful  variable  names  can  usually  be  found  within  the  FORTRAN  implicit 
declaration  constraint.  Otherwise  the  leading  letter  “P  (for  integer)  or  ‘R*  (for 
real)1  is  recommended  as  a  prefix. 

3.  The  flexibility  of  explicitly  declaring  variable  names  does  not  outweigh  the 
subsequent  disadvantages.  Several  modern  high-level  languages  require  that 
all  variables  be  declared  explicitly,  but  this  flexibility  requires  a  programmer 
to  remember  a  large  number  of  variable  declarations  or  repeatedly  search  out 
the  declaration  of  each  variable  in  every  subprogram.  This  unnecessarily  com¬ 
plicates  modification  and  debugging  tasks  by  seriously  hampering  immediate 
understanding  of  a  variable  declaration.  Constantly  looking  up  variable  dec¬ 
larations  is  usually  unrelated  to  the  immediate  programming  task  and  has  a 
detrimental  effect.  Using  the  FORTRAN  implicit  declaration  makes  it  much 
easier  to  remember  those  variables  that  are  explicitly  declared  since  they  are 
usually  few  in  number. 

4.  Adherence  to  the  FORTRAN-77  implicit  declaration  is  required  by  this  stan¬ 
dard.  Explicit  declaration  of  variables  (and  PARAMETERS)  within  the  conven¬ 
tion  is  needlessly  redundant  and  is  forbidden.  Unlike  FORTRAN,  most  modern 
procedural  languages  (including  Ada,  Jovial-J73,  Pascal,  and  Modula-2)  require 
explicit  declaration  of  entities  before  they  may  be  used.  This  mandatory  dec¬ 
laration  produces  reliable  code  in  other  languages  by  allowing  the  compiler  to 
perform  extensive  error  checking  at  compile  time  and  catch  some  programming 
errors  that  otherwise  are  often  obscure.  These  concepts  are  recognized  as  useful 
in  other  languages,  but  are  not  to  be  applied  because  of  the  advantage  pro¬ 
vided  by  FORTRAN  in  this  situation.  This  class  of  error  will  be  minimized 
by  adherenee  to  Section  0.4,  Standard  A,  page  19;  Section  0.9,  Standards  B 
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and  C,  page  34*i  S«eilog  8.10,  Standards  Dt  E  ir.d  C.  past  30;  Section  0.13, 
Standards  D,  C,  D,  and  G,  pages  37  and  33;  and  Section  3.1,  page  39. 

D.  The  Integer  variable  name*  I,  J,  K,  L,  M,  and  N  must  be  used  only  as  loop  Indices, 
counters,  or  subscripts. 

E.  A  Bag  Is  a  variable  which  can  have  only  two  possible  values  (e.g.,  0  or  1).  It  Is  used 
to  direct  the  Bow  of  control. 

1.  INTEGER  or  REAL  Bags  are  discouraged.  Use  true  or  false  LOGICAL  variables 
with  mnernonlcally  meaningful  names  Instead.  The  mnemonic  content  of  the 
name  should  assert  the  meaning  of  the  "true'  logical  value. 

3.  Multiple  Bags  should  only  be  used  In  a  subprogram  to  clarify  and  consolidate 
the  logic  which  controls  the  computation  Into  dearly  defined  conditions.  The 
number  of  Bags  Is  an  Indicator  of  the  number  of  logical  conditions  significant  to 
the  computation. 

F.  Temporary  variables  arc  discouraged  (Ref.  7).  They  are  usually  unnecessary  and 
complicate  the  code  (Ref.  10).  Most  modern  optimizing  compilers  recognize  common 
subexpressions  and  optimize  them  automatically. 

1.  Using  a  temporary  variable  to  Increase  execution  speed  while  simultaneously 
obscuring  the  coding  la  forbidden. 

3.  Whin  temporary  variables  are  used,  they  should  express  physical  or  mathemat¬ 
ical  relations  and  should  be  meaningful  quantities  having  a  mnemonic  name  or 
a  name  reflecting  standard  notation. 

3.  All  temporary  variables  must  be  commented. 

4.  Temporary  variables  must  be  assigned  before,  and  in  dose  proximity  to,  the 
coding  which  first  uses  them. 

6.9  COMMUNICATIONS  VIA  ARGUMENTS 

A.  A  subprogram  must  always  be  called  with  the  full  set  of  arguments  (Refs.  IS  and  19). 

B.  Variable  names  must  be  Identical  when  passed  to  or  from  subprograms  (Refs.  10  and 
31),  with  the  exception  of  variable  names  In  statement  FUNCTIONS  and  general* 
purpose  or  library  subprograms.  Exempted  general-purpose  subprograms  include 
but  are  not  Halted  to  interpolation,  root-finding,  numerical  integration,  equation¬ 
solving,  and  graphics  subprograms. 

C.  Arguments  (also  called  actual  parameters)  must  be  variable  names,  FUNCTIONS, 
or  simple  expressions. 
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1.  Explicit  numeric  constant*  must  not  appear  u  argument*  (Ref.  10).  This  con¬ 
straint  defend*  against  Inadvertently  changing  the  value  of  a  literal  constant. 
Error*  In  which  lubproeram  value*  are  changed  Improperly  can  be  detected  more 
easily  when  numeric  constant*  are  name*  which  can  be  examined  by  ordinary 
debugging  technique*. 

2.  If  an  expression  l*  u*ed  a*  an  argument,  It  must  be  simple,  A  limplc  argument 
muit  not  contain  more  than  four  arithmetic,  logical,  relational,  or  character 
operator*  (Ref.  0). 

D.  FUNCTION  name*  appearing  a*  argument*  must  be  listed  In  an  EXTERNAL  or 
INTRINSIC  statement  (Ref.  10). 

E.  With  one  exception,  FUNCTION*  mu*t  return  rt*ulu  only  through  the  normal  value 
of  the  FUNCTION.  A  FUNCTION  which  alter*  the  value*  of  the  calling  argument*  1* 
forbidden;  SUOROUTINE*  must  be  used  for  that  purpose  (Ref.  10).  The  exception 
Is  a  FUNCTION  used  solely  to  Implement  key*  ird-driven  Input. 

6.10  COMMON  BLOCKS 

A.  COMMON  blocks  must  be  carefully  defined  and  strictly  controlled  to  reduce  cou¬ 
pling  between  subprograms  (Ref.  0),  and  to  minimize  span-of-control/scope-of-eifect 
conflict*  (Ref.  IS)  (refer  to  Section  0.1,  Standard  E,  page  M). 

1.  The  primary  method  of  providing  acces*  to  array*  And  variable*  l*  through 
argument  list*. 

2.  The  secondary  method  of  providing  aece**  1*  through  labeled  COMMON  block*, 
whose  scope  I*  severely  restricted  (Ref.  0). 

3.  COMMON  blocks  may  be  either  local  or  global. 

a.  A  local  COMMON  block  may  be  used  only  within  a  module.  Once  a  value 
Is  set  In  a  COMMON  block  It  may  not  be  changed  unless  it  Is  a  local 
COMMON  block  confined  to  a  module,  as  defined  In  Section  3.5,  page  4. 

b.  A  global  COMMON  block  may  be  used  anywhere  In  a  program  but  only 
within  specified  constraints. 

(1)  Globally  applied  COMMON  blocks  are  permitted  to  carry  only  un¬ 
changing  quantities  Into  subprogram*.  Global  COMMON  block*  must 
not  transfer  variable*  out  of  a  subprogram  that  have  been  modified  or 
altered  In  that  subprogram,  except  for  the  initialization  of  the  COM¬ 
MON  block.  Data  stored  In  a  globally  applied  COMMON  block  must 
not  be  subsequently  modified. 

(2)  Globally  applied  COMMON  block*  must  be  loaded  by  mean*  of  either 
DATA  statement*  in  BLOCK  DATA,  by  reading  a  data  file  at  the  be¬ 
ginning  cf  program  execution,  or  by  a  one-time  calculation. 
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D.  Undisciplined  COMMON  usage  make*  a  program  hud  to  understand  (Ref.  10). 
Variable!  should  be  transferred  to  subprograms  primarily  via  argument  lists,  not 
COMMON  blocks. 

C.  Blank  (unlabeled)  COMMON  Is  forbidden  (Ref.  0),  with  the  two  rare  exceptions  In 
Section  10,  Standard  C,  page  31. 

D.  COMMON  blocks  should  not  Introduce  extraneous  variables  Into  a  subprogram 
(Ref.  18).  The  fact  that  a  variable  exists  In  a  COMMON  block  does  not  justify 
Including  the  entire  COMMON  block  In  a  subprogram  to  access  the  Individual  vari¬ 
able. 

E.  COMMON  blocks  must  be  short  and  contain  only  Information  that  Is  conceptually 
similar  or  related  (Rets.  0  and  31). 

F.  All  subscripted  arrays  In  COMMON  blocks  must  have  their  dimensions  declared  In 
the  COMMON  statement,  rathe*  than  In  another  specification  statement. 

G.  A  COMMON  block  must  be  Identical  In  each  subprogram  In  which  It  appears  (Refs.  IS 
and  10).  This  consistency  must  be  assured  by  using  the  INCLUDE  procedure  ex¬ 
plained  below, 

H.  Only  one  version  of  a  COMMON  block  may  be  maintained.  Each  COMMON  block 
and  the  associated  comments  must  be  Inserted  automatically  Into  each  applicable 
subprogram  (Ref.  4).  This  capability  exists  on  many  computer  systems  using  features 
such  as  UPDATE,  HISTORIAN,  or  the  INCLUDE  statement  (Ref.  30). 

I.  The  INCLUDE  file  defining  a  COMMON  block  loaded  by  BLOCK  DATA  must 
contain  an  "EXTERNAL  name'  statement,  where  "name'  Is  the  name  d  the  DLOCK 
DATA  subprogram.  This  declaration  Insures  that  If  the  COMMON  block  becomes 
part  of  a  library,  the  BLOCK  DATA  subprogram  Is  included  In  the  program  linkage 
IT  the  COMMON  block  is  referenced. 

J.  Variable*  In  COMMON  blocks  should  have  at  least  three-letter  names.  I,  J,  K,  L, 
M,  and  N  arc  forbidden  as  COMMON  block  variables. 

6.11  ARRAYS 

A.  Whenever  array  Indices  are  used  outside  a  region  of  strict  index  control  (e.g.,  a  DO 
LOOP  with  a  fixed  number  of  loops  is  a  region  of  strict  index  control)  the  indices 
must  be  checked  to  verify  that  the  maximum  array  bounds  have  not  been  exceeded. 
If  the  array  bounds  have  been  exceeded,  the  program  must  stop  or  abort  with  an 
abnormal  termination  message. 

B.  An  array  should  have  the  same  dimensions  In  all  subprograms  in  which  It  Is  Included. 
Changing  the  number  or  bounds  of  array  dimensions  between  a  subprogram  and  Us. 
subordinate  subprograms  Is  discouraged  (Refs.  6  and  18). 
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C.  When  an  array  and  iu  dimensions  ars  pawed  to  a  subordinate  subprogram  a*  ar¬ 
guments,  the  array  dimension  rau.it  be  checked  prior  to  the  call  if  the  dimension 
has  b«n  obtained  from  a  calculation.  It  should  b«  validated  again  in  the  directly 
subordinate  subprogram. 

6.12  PROGRAM  TERMINATION 

A.  Program  terminations  mujt  ui<  STOP  statements  or  an  abort  subprogram. 

1.  CALL  EXIT  and  END  statements  will  not  be  used  tn  lieu  of  STOP  statements. 

2.  There  must  be  only  one  normal  STOP  In  any  program.  Normal  termination 
must  be  In  the  executive  and  should  say  "NORMAL  TERMINATION."  All 
other  terminations  will  be  abnormal  steps  or  aborts  and  must  provide: 

a.  where  the  error  condition  occurred,  and 

b.  the  variable  or  condition  that  caused  the  termination. 

D.  An  abort  subprogram  may  be  a  system-specific  subprogram  used  solely  for  the  pur¬ 
pose  of  terminating  abnormal  program  execution,  such  that  a  controlling  Job  or 
command  procedure  is  also  aborted  properly. 

C.  Failure  of  calculations  not  needed  for  essential  computations,  such  as  those  being 
performed  for  auxiliary  output,  should  r.ot  cause  termination  of  the  primary  calcula¬ 
tion  if  it  can  proceed  legitimately.  However,  an  error  of  this  type  must  be  diagnosed 
and  an  appropriate  error  message  issued. 

6.13  DEVELOPMENT  PRACTICES  AND 
FROGRAM  TESTING 

A.  Well-tested,  dcfensively-cotled,  machine-portable,  documented  library  FUNCTIONS 
and  general-purpoee  subprograms  should  be  used  (Refs.  7  and  31).  Do  not  "reinvent 
the  wheel.* 

D.  Each  subprogram  must  be  meticulously  cheeked  by  peer  review  (Refs.  IS,  IS,  10, 27, 
23,  and  31). 

C.  Each  subprogram  must  be  compiled  and  tested  Independently  during  development. 
Errors  can  then  be  traced  quickly  to  specific  subprogram*  (Ref.  3). 

D.  Each  subprogram  must  be  exhaustively  tested  by  constructing  driver  programs  that 
provide  input  and  write  the  output  from  the  subprogram  being  tested. 

1.  The  driver  program  must  construct  sample  input  data  sets  for  the  subprogram 
being  tested  such  that  all  paths  are  taken  and  all  boundaries  (geometrical, 
physical,  or  numerical)  art  used  (Ref.  27). 
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2,  Software  tools  inch  as  static  analysers,  test-case  generators.  and  coverage  ana* 
lysers  must  be  used  for  this  purpose  (Ref.  25-27,  and  20). 

3,  Plausible  result*  are  encouraging  but  do  not  by  themselves  constitute  suSicient 
evidence  of  correctness. 

E.  Using  supporting  external  and  internal  documentation,  a  typical  programmer  should 
be  aid*  'to  understand  the  logic  and  verify  with  execution  tests  that  a  subprogram 
vvsrhs  correctly  for  many  representative  test  cases  after  evaluating  it  for  less  than 
on*  day, 

F.  After  subprogram  development,  all  subprograms*  In  a  module  should  be  combined 
into  a  single  file  and  compiled  as  a  module.  This  procedure  simplifies  subprogram 
management  by  reducing  the  number  of  files,  and  allows  global  compiler  optimisation. 

C.  Each  program  must  be  tested  (Refs.  27  and  31). 

1.  Test  problems  must  include  a  complete  set  of  input  data,  a  complete  listing 
of  the  output  produced  by  the  program  when  run  with  the  test  data,  and  a 
compiler  listing  and  cross-reference  map  of  the  program  itself. 

2.  The'.e  test  problems  serve  to  detect  blatantly  Incorrect  programs,  but  do  not 
assure  the  general  correctness  of  the  program  nor  can  they  constitute  a  complete 
verification. 

3.  At  least  three  different  typical  test  problems  mutt  be  run. 

H.  In  order  to  demonstrate  satisfactory  machine  compatibility  performance  of  a  devel¬ 
oped  program,  lest  problems  and  the  associated  results  must  be  furnished  so  that 
Identical  tests  can  be  made  on  the  target  computer  to  demonstrate  that  the  program 
operates  successfully. 


7  LISTING  ORGANIZATION 

The  program  may  be  listed  in  cither  of  two  formats.  The  first  format  Is  recommended. 

A.  The  first  listing  format  must  be  in  the  following  order:  executive,  followed  by  all 
subprograms  (except  error  exit  SUBROUTINE*  and  BLOCK  DATA)  in  alphabetical 
order,  followed  by  error  exit  SUBROUTINES,  followed  by  BLOCK  DATA. 

B.  The  second  listing  format  uses  an  order  determined  by  considerations  of  logical  coher¬ 
ence.  In  this  cue,  the  executive  must  still  be  listed  first,  and  a  list  of  all  subprograms 
and  modules  in  their  order  of  appearance  must  be  included  jn  the  comments  at  the 
beginning  of  the  executive.  Subprograms  of  a  module  should  be  listed  together. 
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S  SYSTEM  DEPENDENT 
CONSIDERATIONS 


S.l  PROGRAM  EXECUTION  PRESET 

Prior  to  program  execution,  the  computer  memory  should  bo  preset  to  a  value  which 
represent*  extreme  conditions  and  which  will  terminate  execution  if  the  value  is  encoun* 
tered  during;  a  calculation.  For  example,  a  preset  of  negative  Indednltr*  should  be  used  on 
Control  Data  Corporation  (CDC)  systems. 

A.  Preset  values  of  :ero  or  unity  do  not  meet  this  criterion  and  may  not  be  used  unless 
the  computer  system  provides  so  suitable  alternative. 

D.  Relying  on  a  machine  preset  (such  a*  tero)  for  variable  initialisation  Is  forbidden.  All 
variables  requiring  initialisation  must  be  preset  in  the  FORTRAN*  program  before 
they  arc  referenced. 


5.2  PROGRAM  RESTART 

A.  Programs  which  typically  run  for  many  hours  on  the  target  machine  should  have 
a  restart  capability.  These  programs  should  periodically  dump  all  essential  data  in 
some  semipermanent  form  for  restarting  the  program,  should  a  restart  be  nectary 
(refer  to  Section  Q.S,  Standard  D,  page  31). 

B.  Restar table  programs  must  be  capable  of  terminating  and  dumping  all  essentia)  data 
using  a  method  which  minimises,  and  if  pouibie  eliminates,  interactions  with  the 
computer  operator. 

1.  This  method  may  be  nonANSI  standard  and  computer  system  dependent.  For 
example,  in  the  CDC  environment,  the  sense  switch  is  such  a  method. 

3.  In  programs  using  extensive  computations  involving  complex  cycles  or  itera¬ 
tions,  dumping  of  restart  data  may  be  deferred  until  the  current  cycle  or  itera¬ 
tion  is  complete. 

5.3  COMPILER  OPTIONS 

A.  When  available,  program  Cow  error  traeebacic  should  be  activated. 

D.  If  run-time  array-bounds  checking  is  available  from  the  compiler,  it  must  bo  used 
but  is  not  a  substitute  for  Index  checking. 
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9  NONSTANDARD  PROGRAMMING 


A.  Computer  code  not  In  ANSI  FORTRAN-77  may  be  used  only  when  such  coding  is 
esientlal  to  the  successful  operation  of  the  program,  and  either 

1.  no  mean*  whatever  exist  to  write  equivalent  code  In  ANSI  FORTRAN-77,  or 

2.  nonstandard  FORTRAN-77  code  is  specifically  required  by  this  standard. 

D.  Any  nonstandard  source  code  except  for  the  INCLUDE  (or  its  equivalent)  must  be 
Isolated  in  separate  subprograms.  The  subprogram  interfaces  must  be  built  so  that 
the  nonstandard  subprogram  can  be  removed  and  replaced  easily  when  the  program 
is  moved  to  another  processor. 

C.  The  INCLUDE  (Ref.  20)  or  Its  equivalent  is  restricted  to  PARAMETER  statements 
or  COMMON  block  insertions  with  associated  EXTERNAL  statements,  and  to  their 
associated  and  preamble  documentation. 

1.  An  example  of  required  nonstandard  coding  is  the  mandatory  use  of  the  IN¬ 
CLUDE  (or  its  equivalent)  to  standardize  COMMON  blocks  and  theirassoci- 
ated  documentation. 

2.  On  a  computer  system  without  this  capability,  a  FORTRAN  preprocessor  which 
accomplishes  this  task  using  the  VAX  FORTRAN  INCLUDE  statement  format 
should  be  provided  to  support  programs  containing  PARAMETER  statements 
and  COMMON  blocks. 

3.  Compiled  listings  should  be  used  for  code  development  and  debugging,  rather 
than  uneompiled  source  code.  This  procedure  permits  the  effects  of  the  IN¬ 
CLUDE  or  Us  equivalent  to  be  evaluated  easily  by  the  programmer, 

10  RESTRICTIONS  ON  FORTRAN-77 

A,  ASSIGN  statements  are  forbidden  (Ref.  21). 

D.  ENTRY  statements  are  forbidden  (Ref.  21). 

C.  EQUIVALENCE  statement*  are  forbidden  (Refs.  0,  21,  and  24). 

1.  EQUIVALENCE  statements  increase  coupling  between  subprograms  and  in¬ 
crease  the  possibility  of  a  span-of-control/scope-of-effect  conflict  (Ref,  IS). 

2.  The  primary  application  of  EQUIVALENCE  statements  was  to  save  memory 
by  allowing  multiple  uses  of  the  same  space,  but  the  storage  benefit  does  not 
offset  the  increased  risk  of  error. 
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D.  RETURN  statements  which  contain  an  argument  art  forbidden.  ThU  prohibition 
assures  that  a  subprogram  always  returns  control  to  the  statement  immediately  fol* 
lowing  the  CALL  or  FUNCTION  reference  which  invoked  that  subprogram  (Refs.  0 
and  21). 

E.  PRINT  statements  are  forbidden. 

F.  REAL  and  INTEGER  statements  are  forbidden.  Refer  to  Section  0.3,  Standard  C 
on  page  23  for  supporting  rationale.  This  prohibition  is  recognized  as  diifcrcni  from 
the  recommendation  in  Ref.  21;  unfortunately,  the  trend  toward  mandatory  strong 
declarations  is  In  conflict  with  an  inherent  advantage  of  the  FORTRAN-**  language. 

G.  BLANK  COMMON  is  permitted  only  in  two  rare  situations. 

1.  Some  computer  systems  have  the  capability  to  adjust  dynamically  a  program's 
main  memory  usage  during  execution.  Sometimes  this  capability  uses  unique 
system  methods  in  conjunction  with  BLANK  COMMON.  This  nonstandard 
approach  is  discouraged  and  may  be  used  only  when  absolutely  necessary.  This 
is  one  of  only  two  times  BLANK  COMMON  may  ever  be  used. 

2.  The  only  other  situation  where  BLANK  COMMON  may  be  used  is  when  it  is 
Imbedded  in  a  commercial  software  module. 

H.  CHARACTER  variables,  PARAMETERS,  and  comments  should  contain  only  print¬ 
able  US  ASCII  characters  (refer  to  Appendix  E). 
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APPENDIX  A 

MODULES  AND  COMMON  BLOCK 
RESTRICTIONS 

A  primary  consideration  of  this  report  Is  the  treatment  of  structural  content.  Structural 
content  limiu  or  promote*  good  programming  methodology  and  govern*  the  ultimate  form 
that  program*  are  allowed  to  a**ume.  Thi*  appendix  d!*cu**e*  the  problem  with  regard  to 
COMMON  blocks, 

A  powerful  conttruct  In  the  organisation  of  program*  U  a  modularity  Intermediate  be* 
tween  the  itibprogram  and  the  entire  program.  The  reparation  of  a  targe  computational 
proce**  Into  Internally-related  lubprogram*  with  a  minimal  external  Interface  l*  recognized 
In  thl*  report.  One  condition  of  separability  1*  the  manipulation  of  a  eingtc  data  struc¬ 
ture.  Typically  the  lubprogram*  ouuide  of  the  module  need  Interface  only  at  the  highest 
level  and  have  no  need  to  know  any  of  the  particulars  of  the  data  structure  or  how  It  Is 
manipulated. 

In  general,  the  data  structure  may  Involve  one  or  more  arrays,  Indices  Into  the  arrays, 
status  value*,  and  other  variable*.  The  external  environment  never  need*  aceci*  to  any  of 
the  particular*  of  the  data  structure  in  order  to  use  It;  all  the  ouuide  proect*  need*  i*  a 
functional  Interface.  Thi*  lead*  to  grouping  the  related  subprogram*,  variable*,  and  array* 
Into  a  module.  A*  perceived  by  the  external  environment,  the  programming  clemenU 
which  Implement  the  data  structure  are  local  to  the  module  and  hidden  from  the  external 
environment.  A*  perceived  from  within  the  module,  theie  programming  elemenu  are  global 
only  within  the  module  and  acce**  may  be  *harcd  only  within  the  module.  The  external 
environment  ha*  acce**  only  through  the  argument*  of  the  Interface  subprogram^)  of  the 
module. 

High  level  language*  support  module*  In  various  ways,  but  FORTRAN*??  doe*  not  pro¬ 
vide  direct  support  to  a  module.  Indirect  support  l*  available  by  using  a  labeled  COMMON 
statement.  It*  local  use  In  a  module  can  avoid  needles*  vertical  coupling  via  argument  luu 
between  the  lubprogram*  within  a  module.  However,  the  wanton  miiuie  of  COMMON 
statement*  introduce*  Increased  coupling  between  module*  and  1*  forbidden. 

Quite  often  COMMON  block*  axe  used  to  avoid  passing  variable*  through  Intermedi¬ 
ate  subprogram*  which  do  not  use  them  directly  In  any  computation*.  Artificially  passing 
parameter*  unrelated  to  the  Immediate  process  being  performed  Is  not  good  programming 
methodology.  The  resulting  proliferation  of  parameter*  can  degrade  the  reliability  and 
readability  of  a  program  and  Increase  the  coupling  of  the  subprogram  to  the  environ¬ 
ment.  Thl*  situation  Is  frequently  caused  by  bad  program  architecture.  Widespread  use  of 
COMMON  blocks  to  pis*  variable*  laterally  1*  not  a  good  programming  solution.  Instead, 
tightly  controlled  module*  with  limited  lateral  coupling  should  be  used  In  conjunction  with 
good  overall  program  architecture. 
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APPENDIX  B 

EXECUTIVE  PREAMBLE  EXAMPLE 


PROGRAM  ORBIT 
Program  Daacriptlon  - 

Program  ORBIT  la  an  aphaaaria  program  to  coeputa  aatallita 
orblta.  Tha  program  la  baaad  upon  Vinti'a  (Rafa,  1,  3,  3,  4, 
S)  Thaory  of  Aecurata  Intaraadlary  Orblta.  Tha  traatmant  to 
account  for  tha  atmoapharic  drag  parturbatlona  la  baaad  upon 
a  papar  by  Vataon,  at  al.  (Raf,  6).  Vlntl  found  a  cloaad  fora 
gravitational  potantlal  about  an  axially  ayaaatrlc  planat  In 
oblata  apharoidal  coordlnataa.  Thia  aolutlon  accounta  for  all 
tha  af facta  of  tha  aacond  and  third  zonal  hareonica  and  about 
tvo-thlrda  of  tha  fourth  haraonic,  Thia  potantlal,  which 
aimultanaoualy  aatlaflaa  Laplaca’a  aquation  and  aaparataa  tha 
Hamilton-Jacobi  aquation,  auccaada  In  raducing  tha  problam  of 
aatalllta  action  to  quadraturaa.  Vataon,  at  al.,  providad  an 
analytical  mathod  to  account  for  tha  drag  atartlng  with  tha 
orbital  alaaMnta  dafinad  by  tha  Yinti  thaory  (An  tha  program 
thay  ara  rafarrad  to  aa  tha  Yinti  alamanta).  lha  atmoapharic 
laodal  of  tha  Charaoaphara  *aa  davalopad  by  Jacchia  (Raf.  7). 

YERSIOM  1  7  HAT  1985 

Quaatlona  or  coaaanta  ahould  ba  addraaaad  to 

John  P.  Doa 
XY2  Corporation 
Albuquarqua,  KM  12345 
Com.  Phona  (506)  123-4567 

Filaa  Uaad  - 

IUKIT  Currantly  unit  nuabar  14.  Aaaoclatad  vith  flla  naaa 
IIPUT.  Codad  aaquantial,  input  fila.  Contanta  ara  tha 
uaar  dafinad  input  data. 

MSG  Currantly  unit  nuabar  6.  Aaaoclatad  vith  flla  naaa 
MESACE.  Codad  aaquantial,  output  fila.  Contanta  ara 
arror  and  warning  maaaagaa. 

VUXXT  Currantly  unit  nuabar  17.  Aaaoclatad  vith  fila  nana 
OUTPUT.  Codad  aaquantial,  output  fila.  Contanta  ara 
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th«  normal  printed  output,  the  orbit  apecldlcatlon. 
Subroutine!  Required  - 

DRAG  Change*  th*  Vlnti  elesenta  due  to  drag  eddecta. 
E?HXMP  Read*  all  th«  program  input. 

EPHQUT  Yrite*  all  tha  program  output. 

ISrORM  Compute*  all  tha  orbital  point  indorsation. 

INI7AL  Initialise*  tha  atarting  eonditiona. 

POSITS  Cosputaa  tha  aatallita  petition  in  inartial  apaca. 


Local  Variablaa 
DRCFLG 


A  logical  control  dlag.  Id  trua,  atsoapharic  drag 
calculationa  ara  to  ba  included  in  tha  ephaserla. 

A  logical  control  dlag.  Id  trua,  tha  laat  epheseria 
point  calculation  has  baan  completed. 

A  logical  control  dlag.  Id  trua,  tha  atap  increscent 
between  each  apheseria  calculation  ia  in  equal  atapa 
od  tlsa,  Otherviae,  tha  atap  increment  la  in  equal 
atapa  od  true  anomaly  angle. 


Rederencea  - 
i.  J.  P 


1.  J.  P.  Vinti,  "Saw  Method  od  Solution  dor  Unretarded 
Satellite  Orbita*',  Journal  od  Reaearch  od  tha  National 
Bureau  od  Standarda  S.  Mathematic*  and  Mathematical  Physic* 
Vol.  623.  No.  3.  105- llfl  (1959). 

2.  J.  P.  Vlnti,  * "Theory  od  an  Accurate  Intermediary  Orbit 
dor  Satellite  Aatronoay",  Journal  od  Itaaaarch  od  the 
National  Bureau  od  Standarda  B.  Mathanatiea  and  Mathematical 
Phyaiea.  Vol  658.  No.  3.  169-301  (1961). 

3.  J.  P.  Vlnti,  * ’ Intermediary  Equatorial  Orbita  od  an 
Artldlclal  Satellite",  Journal  od  Research  od  tha  National 
Bureau  od  Standarda  B.  Mathematics  and  Mathaaatlcal  Phyaiea 
Vol.  663,  No.  1.  5-13  (1963). 

A.  J.  P.  Vlnti,  "Incluelon  od  tha  Third  Zonal  Harmonic  lr.  an 
Accurate  ftederer.ee  Orbit  od  an  Artldical  Satellite", 

Journal  od  fteaearch  od  the  National  Bureau  od  Standarda  B, 
Matheaatica  and  Mathaaatlcal  Phyaiea,  Vol.  70B,  No.  1,  17-16 
(1966). 

5.  J.  P.  Vlnti,  "Improvement  od  tha  Spheroidal  Method  dor 
Artldical  Satellitaa",  Tha  Aatronoalcal  Journal,  Vol.  71, 
No.  1,  35-34  (1969). 

6.  J.S.  Yataon,  0.0.  Mlatretta,  and  N.L.  Bonavito,  "An 
Analytical  Method  to  Account  dor  Drag  in  the  Vinti 
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Satalllt*  T>.«ory" ,  C«l«»tial  X*chanic»,  VoX.  11,  145-176 
(1975). 

7.  L.C.  Jaechla,  ,,JUvi**d  Static  Xcd«la  oi  th«  Tharscaphara 
Exoaphara  with  Empirical  7«sp4ratu;<  ?roiil«",  SAO 
Special  jUport  Ho.  332,  Kay  1971. 
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APPENDIX  C 

SUBPROGRAM  PREAMBLE  EXAMPLE 


SUBROUTINE  SEHIAX  (ARRAY,  AXIS, BALIST, CHANCE, ECC£XT,NUK5ER,CKAU.D) 


C  Purpose  - 

C  To  calculate  th*  chans*  of  th*  seninajor  axis  of  th*  orbit  due 

C  to  drag. 

C  VERSION  1.  19  OCT  83 


C  Progranaer  - 
C 
C 
C 


John  P.  Do* 

XYZ  Corporation 
Albuquerque,  NM  13345 
Phone  (505)  133-4587 


C  Pil««  Used  -  Xon« 


C  Subroutines  Required  - 

C  FACTOR  Calculates  th*  atmospheric  fitting  factor*. 

C  PACKS  Pack*  ARRAY  vlth  atmospheric  fitting  data. 


C 

C 

C 

C 

C 

C 

C 

C 


Local  Variable*  - 

C0EFF3  An  array  of  thr*a  integration  coefficient*  that  are 
interval  dependent,  in  kllcseters. 

C0EFF7  An  array  of  *even  integration  coefficient*  that 

are  constant  over  the  entire  integration  Interval, 
unities*. 

SHALLB  Th*  small  b  in  th*  King-Hel*  expression  for  th* 
ataospherlc  density,  unities*. 


C 

C 

C 

C 

C 

C 

C 

C 


Reference*  - 

1,  J.S.  Watson,  C.D.  Mistretta,  and  X.L.  Bonavito,  “An 

Analytic  Method  to  Account  for  Drag  in  the  Vinti  Satellite 
Theory**,  Journal  of  Celestial  Mechanics,  Vol.  11,  145-177 
(1975). 

3.  T.  E.  Sterne,  “An  Introduction  to  Celestial 

Mechanics",  Interscienc*  Publishers,  Inc.,  Nev  York.  165 
(i960). 


C  Input  - 
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o  o  o  o  o  o  o 


c 

c 

c 


AWAY  An  array  chat  contains  th«  integrals  of  ths  fora 
£X?(783*£)*C0S(E)«*1,  10,1 . 13  (unltlsas). 

AXIS  Ths  seaixajcr  axis  of  ths  orbit  in  kllosstsra. 

9ALIS7  ths  ballistic  cosfficisnt  of  ths  aatsliits  in 

kilogram  par  kil«»eter**3. 

ECCEST  Ths  eccentricity  of  ths  orbit,  unltlsas. 

NUMBER  Ths  nusber  of  integration  intervals,  unitlssa. 

SMALLO  Ths  snail  d  is  ths  Xlng*Hele  expression  for  ths 

velocity  of  ths  satellite  relative  to  ths  atnoapher* 
(MY.  3),  unltlsas. 


C  Output  - 

C  CHANGE  Ths  change  of  the  senisajor  axis  of  ths  orbit  due  to 

C  ths  ataospheric  drag,  in  kilosecers. 


C 

C 

C 

C 

C 


Special  Constants  - 

CONST  Ths  gravitational  constant  for  ths  earth  in 
kiloastsrs**3/s«cond'«3. 

ROTATE  Ths  rotational  .,’ate  of  ths  earth  in  radians  per 
second. 
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APPENDIX  D 

INPUT  SUBPROGRAM  PREAMBLE 
EXAMPLE 


SUflROUTIXE  R£ADIT(ERROR , HEIGHT . U7 , LOXG . XCARD) 

C  purpose  *  To  read,  ver lfy  and  vrite  m  echo  check  of  th*  observer's 
C  location  information  required  for  look  angle  computation. 

C  VERSIOX  1.  13  FEfi  03 


C  Programmer  - 
C 
C 
C 


John  P.  Do* 

XTZ  Corporation 
Albuquerque,  XX  13345 
Phona  (EOS)  133-4567 


C 

C 

C 

C 

C 

C 

C 


File*  U*«d  - 
IUXIT 

XUXIT 


Currently  unit  number  14.  Associated  vith  file  name 
IXPUT.  Coded  eequential.  input  file.  Contents  are  the 
user  defined  input  data. 

Currently  unit  number  17.  Associated  with  file  naze 
OUTPUT.  Coded  sequential;;  output  file.  Contents  are 
the  normal  printed  output,  the  epheaerls. 


C  Subroutines  Required  -  Xone. 


C  Local  Variables  -  Xone. 


c 

Input  - 

c 

XCARD 

The  number  of  records  that  have  been  read. 

c 

Output  - 

c 

ERROR 

A  logical  control  flag.  If  true,  a  nonrecoverable 

c 

error  has  occured. 

c 

HEIGHT 

The  height  of  the  observer's  location  above  the 

c 

0 

UT 

reference  geoid  in  kilometers. 

The  latitude  of  the  observer's  location  in  radians. 

c 

LOXG 

The  longitude  of  the  observer's  location  in  radians 

C  Record  Format  - 
C  VARIABLE  CARD 
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StMit 

COLS. 

fowut 

VAXUSLE  DESCMPTIOS 

KEICHT 

1-10 

no. 2 

7h«  h*ighe  of  eh*  aba*mr  in  fclles*;*ra 
Valu*  suae  b*  gr*at«r  chan  e*ro. 

U7 

n-:o 

F10.2 

7h«  laeieuti*  of  eh*  oba*rv«r  in  iagr*** 
Valu*  suae  b*  in  eh*  rang*  of  -SO.  eo  00 

LOSS 

31-30 

rto.2 

7h«  lonjieud*  of  eh*  obs*rv*r  in  t!*?,-*** 
Valu*  suae  b*  i*aa  eh an  eh*  abaolue* 
valu*  of  300.0  d*(r*4a. 
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APPENDIX  E 

PRINTABLE  US  ASCII  CHARACTERS 


The  printable  US  ASCI!  characters  in  Table  £*i  are  the  only  characters  that  may  ap¬ 
pear  in  comments  or  as  literal  character  string  (c.g.,  *  ?* ,  2110).  In  rare  situations,  the 
CHAR  Intrinsic  function  may  be  used  to  assign  CHARACTER  variables  and  PARAME¬ 
TERS  to  characters  that  are  not  shown  In  Table  E-l.  The  use  of  ether  characters  must  be 
Isolated  In  a  small  numberof  subprograms  and  carefully  documented  as  machine-dependent 
code.  These  restrictions  are  motivated  by  the  ideas  that  a  printed  program  listing  should 
accurately  represent  the  program,  and  that  programs  should  not  depend  on  a  particular 
collating  sequence,  but  only  that  the  collating  sequence  has  the  properties  spedlted  In  the 
FORTRAN-?;  standard. 
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TAD  LB  B-l.  PRINTABLE  US  ASCII  CHARACTERS 


Decimal 

Octal 

Character 

Decimal 

Octal 

Character 

Decimal 

Octal 

Charreter 

32 

40 

04 

m 

O  - 

00 

140 

% 

33 

41 

1 

05 

101 

A 

07 

141 

& 

34 

42 

n 

00 

102 

D 

08 

142 

b 

35 

43 

i 

07 

103 

C 

00 

143 

c 

30 

44 

* 

OS 

104 

D 

100 

144 

d 

37 

45 

% 

00 

105 

E 

101 

145 

e 

3S 

40 

U 

70 

100 

F 

102 

140 

f 

30 

47 

0 

71 

107 

G 

103 

147 

8 

40 

50 

( 

72 

no 

H 

104 

150 

h 

41 

51 

) 

73 

111 

I 

105 

151 

i 

42 

52 

t 

74 

112 

J 

100 

152 

j 

43 

53 

+ 

75 

113 

K 

107 

153 

k 

44 

54 

I 

70 

114 

L 

10S 

154 

l 

45 

55 

77 

115 

M 

100 

155 

m 

40 

50 

a 

78 

no 

N 

no 

150 

n 

47 

57 

/ 

79 

117 

0 

111 

157 

0 

48 

00 

0 

80 

120 

P 

112 

ICO 

P 

49 

01 

1 

81 

121 

Q 

113 

101 

q 

50 

02 

2 

82 

122 

R 

114 

102 

r 

51 

03 

3 

83 

123 

S 

115 

103 

s 

52 

04 

< 

84 

124 

T 

no 

104 

t 

53 

05 

5 

85 

125 

U 

117 

105 

u 

54 

00 

0 

80 

120 

V 

113 

ICO 

V 

55 

07 

7 

87 

127 

W 

no 

107 

w 

50 

70 

8 

88 

130 

X 

120 

170 

X 

57 

71 

0 

80 

131 

Y 

121 

171 

y 

58 

72 

2 

00 

132 

Z 

122 

172 

z 

50 

73 

• 

01 

133 

1 

123 

173 

{ 

00 

74 

< 

02 

134 

\ 

124 

174 

1 

01 

75 

a 

03 

135 

1 

125 

175 

} 

62 

70 

> 

04 

130 

120 

170 

03 

77 

7 

05 

137 

- 
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APPENDIX  F 

LOOP  LEAVE  AGAIN  CONSTRUCT 


Sever*!  loop  construct*  other  than  FORTRAN'-#?  00  loop*  are  allowed.  They  are 
the  DO  WHILE,  REPEAT  UNTIL,  and  LOOP  LEAVE  AGAIN"  constructs,  The  preferred 
orderof  Implementation  of  these  three  coasirucuis:  (!)  DO  WHILE,  (3)  REPEAT  UNTIL, 
and  (3}  LOOP  LEAVE  AGAIN. 

When  Implemented  In  FORTRAN*??,  she  DO  WHILE  loop  takes  the  form: 


1  IF  (  <eondltion>  }  CO  TO  2 
<itates«nsj> 

CO  TO  l 

3  <n«xc  ssaceaene? 

The  REPEAT  UNTIL  Implementation  is: 


1  <s;at«s«nts> 

IF  (  <eondislon>  )  CO  TO  l 

These  two  constructs  Include  a  statement  label  on  the  first  executable  statement  of  a  block, 
a  body  of  statements,  and  a  terminal  branching  statement.  The  two  forms  are  distinguished 
by  the  location  of  the  IF  statement,  which  causes  an  exit  from  the  loop  based  on  the  value 
of  a  condition.  The  DO  WHILE  requires  the  IF  to  be  the  first  executable  statement  of  the 
construct.  The  REPEAT  UNTIL  requires  the  IF  to  be  the  last  executable  statement. 

Since  the  FORTRAN-77  forms  of  these  constructs  differ  only  In  the  location  of  the  loop 
exit  statement,  a  more  general  form  can  be  Introduced  that  Includes  both  forms  as  special 
cases: 


1  <stat«B4nts> 

IF  (  <eondition>  )  GO  TO  2 


00  TO  1 

2  <n«rc  stat«B«nt> 
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The  generality  is  obtained  by  allowing  the  loop  exit  statement  to  fall  anywhere  within 
the  body  of  the  loop.  This  generalisation  Is  the  LOOP  LEAVE  AGAIN*  construct.  In 
certain  circumstances  the  LOOP  LEAVE  AGAIN  construct  expresses  the  action  of  the 
loop  without  being  error-prone.*  This  standard  acknowledges  the  general  LOOP  LEAVE 
AGAIN  construct  as  acceptable. 


'E.  Solon  iy,  J.  Bonir,  in J  K.  Ehrlich,  *Co|nili»«  Slrilcjio  ind  Loopinj  Con.irucii:  An  Empirical 
Study,*  Commqnioilofl.gf.thc  ACM.  30,  p!53, 1983. 
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APPENDIX  G 
CASE  STRUCTURE  AND 
REPEATED  ELSEIF  CONSTRUCTS 

The  CASE  juncture  applies  to  situations  where  at  most  one  of  a  mutually  exclusive 
set  of  condition*  can  exist  at  some  point  In  a  computation.  The  CASE  statement  does  not 
exist  in  FORTRAN-77,  but  a  CASE  structure  can  provide  a  multipath  switch  to  select 
the  course  of  computation  based  on  the  specific  value  of  the  condition  which  Is  In  eifect. 
A  CASE  structure  can  be  Implemented  in  FORTRAN-77.  It  can  Increase  the  clarity  of 
code  because,  if  used  In  a  consistent  way,  one  can  immediately  recognise  that  a  decision  Is 
being  made  among  a  mutually  exclusive  set  of  options. 

When  such  a  situation  presents  Itself  to  a  FORTRAN-77  programmer,  two  choices  are 
available.  A  computed  GO  TO  can  be  used  if  the  set  of  options  is  determined  by  an 
integer  value  in  the  range  1...N.  The  other  choice  is  the  repeated  ELSEIF  construct.  The 
repeated  ELSEIF  construct  is  preferred  over  the  computed  GO  TO  statement. 

The  repeated  ELSEIF  construct  has  the  following  desirable  features: 

•  No  GO  TO  statements  are  used.  GO  TO  statements  usually  obscure  the  code. 

•  Entry  to  a  repeated  ELSEIF  Is  at  the  top  of  the  construct,  Sow  cf  control  is  linear, 
and  exit  is  at  the  bottom.  Within  the  Dow  of  control,  each  block  Is  cither  executed 
or  bypassed,  based  upon  a  condition  tested  at  the  start  of  the  block. 

«  Control  exits  the  repeated  ELSEIF  structure  following  the  execution  of  the  Drst 
code  segment  which  follows  a  successful  test.  Frequently  the  mathematics  of  a  com¬ 
putation  favors  one  condition  over  the  others;  placing  this  condition  Drst  optimize* 
average  performance  while  maintaining  sound  programming  methodology.  Other 
FORTRAN-77  programming  methods  force  best  case,  average  case,  and  worst  case 
performance  to  be  the  same  (equal  to  the  worst  case);  this  can  be  computationally 
expensive  if  there  are  several  paths. 

•  The  trapping  of  unexpected  errors,  which  occur  when  none  of  the  anticipated  condi¬ 
tions  hold,  b  automatic  with  the  use  of  an  ELSE  block  following  the  Dnal  ELSEIF 
block.  If  the  repeated  ELSEIF  construct  is  not  used,  then  special  testing  of  the  error 
condition  b  forced  into  a  separate  statement.  Since  Such  a  separate  test  must  be 
coded  explicitly,  and  must  redundantly  test  the  mutual  exclusion  of  all  the  other 
tests,  there  b  potential  for  introducing  errors.  Any  change  in  a  dbjunctive  test  must 
be  rcSected  in  the  separate  exclusion  test,  which  makes  the  code  more  error  prone 
and  modmeation  more  diflkult. 


ft  Ut  IBMlUlkUW 
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A  N’evd  Finite  Element  Formulation  wring  Quintie  Vertex  Splines 
for  Field  Analysis  in  Closed  Structures 

Andrew  K.  Chan  and  Charles  K.  Chui 
Department  of  Electrical  Engineering 
Texas  A&M  University 
College  Station,  Texas  77S43 

Abstract 

A  new  Finite  Element  formulation  using  quinde  vertex  splines  is  presenter!  in  this 
paper.  The  support  of  such  a  basic  spline  function  is  a  polygon  with  at  most  one  single 
interior  vertex  and  on  each  triangle  it  is  represented  ns  a  finite  sum  of  the  B&ier  poly* 
nomini  basis.  Consequently,  Bcxier  net  representation  on  triangular  arrays  of  the  spline 
functions  can  be  easily  implemented.  Certain  characteristics  of  the  vertex  splines  and  their 
advantages  in  FEM  are  discussed.  Some  examples  of  this  formulation  and  its  advantages 
are  shown. 


1.  Introduction 

In  the  approximate  solution  of  a  boundary  value  problem  by  the  finite  element  method 
(FEM),  shape  functions  defined  over  individual  subdividing  triangles  in  the  region  of  inter¬ 
est  are  used  ns  approximants.  Tiie  choice  of  the  shape  functions  is  usually  among  bivariate 
polynomials  of  an  appropriate  total  degree.  Polynomials  of  total  degrees  from  1  to  5  have 
been  user!  in  the  literature  (1,2).  Shape  functions  defined  over  triangular  elements  are 
joined  together  at  the  element  boundary  to  form  the  approximate  solution.  In  general,  the 
approximate  solution  is  guaranteed  to  he  continuous  over  the  region  of  interest  but  the 
first  partial  derivatives  of  the  approximating  field  are  usually  discontinuous.  Such  an 

Research  pnrtiijy  supported  by  NSF  CDR.-S721512  Off-shore  Technology,  Naval  Research 
Lab.  Contract  No.  N  0Q014-S0-K-2020,  Texas  Higher  Education  Coordinating  Doard  No. 
32123-70030,  and  by  SDIO/1ST  managed  by  the  U.S.  Army  Research  Office  under  Contract 
No.  DAAL03-87-K-0025. 
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approximate  solution  docs  not  fit  the  nature  of  the  field  solution  and  consequently  often 
yields  unsatisfactory  results. 

In  this  paper,  we  present  a  new  formulation  of  the  finite  element  equation  using  qnlntlc 
vertex  splines  as  the  shape  functions,  hut  in  contrast  to  the  traditional  FEM  formulation, 
the  field  components  satisfying  the  wave  equation  are  represented  as  a  finite  series  of 
continuously  differentiable  vertex  splines.  Upon  substituting  into  the  energy  functional 
and  using  the  boundary  conditions  for  the  field  at  the  physical  boundaries  of  the  r-gion. 
the  wave  equation  is  described  by  an  eigemnatrix  equation  with  the  eigenvalue  being  the 
propagation  constants  of  the  modes. 

2.  Dexter  Polynomial  basis  and  Deader  nets 

A  bivariate  polynomial  basis  of  total  degree  a  is  the  collection  x'y"1  where  C  and  at 
run  over  ail  non-negative  integers  with  t  +  at  <  a.  Using  this  traditional  representation 
in  finite  element  formulation  is  very  inconvenient  when  the  supporting  triangles  are  of 
arbitrary  shape.  One  usually  formulates  the  problem  in  terms  of  a  standard  right  triangle 
and  uses  a  linear  mapping  to  transform  the  results  to  an  arbitrary  triangle.  This  problem 
can  be  avoided  if  one  uses  the  Dnrycentric  coordinates  (or  simplex  coordinates). 

Let  (r,s,t)  be  the  Dnrycentric  coordinates  of  a  point  (x,y)  relative  to  a  given  triangle 
with  vertices  (xs,Vi),(xj,yj),  and  (x3ly4)  defined  by 
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where  A  » (xjy3  -xjyj)+(xjyi -xiyj)+(xtyi-xjyj).  Just  as  the  Bernstein  polynomials 
are  used  as  a  basis  to  represent  polynomials  on  (0,1)  in  the  univariate  case,  the  most  useful 
basis  for  the  space  of  polynomials  of  total  degree  less  than  or  equal  to  u  on  this  triangle  is 
the  set  of  polynomials: 


^;t(r,s,t)  =  “jrW  (2) 

where  i’J,  and  k  run  over  all  non-negative  integers  with  i  +  j  +  Jfc  =  n.  For  instance, 
there  are  21  different  combinations  of  the  indices  i,j,  nnd  Jfc  for  n  =  5,  and  so  any  quintic 
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polynomial  p{-f,y)  can  be  expressed  uniquely  as  a  linear  combination  of  ^  as 

]C  eontfjk(r«^0*  <31 

f+>+t«4 

This  U  called  the  Bcxier  representation  of  the  polynomial  function  p{tf,y)  on  the  given 
triangle.  It  is  customary  to  arrange  the  coefficients  on  a  triangular  array  called  the  Dealer 
net,  as  shown  in  Figure  l.  We  emphasise  that  the  coefficients  «<;t  uniquely  determine  the 
polynomial  /<x,y)  and  are  invariant  relative  to  the  location  and  shape  of  the  triangle. 

Bcricr  nets  are  used  to  represent  the  restriction  on  each  triangle  of  the  vertex  splines. 
There  are  seven  types  of  bivariate  quintic  vertex  splines.  They  are  contracted  based  on 
different  criteria.  For  example,  the  1?(0,0)  spline  requires  the  value  at  one  of  Uie  vertices 
to  be  unity  and  xero  at  all  the  other  vertices  while  the  first  and  second  order  derivatives 
and  the  normal  derivatives  along  the  edges  are  all  xcro.  V{0,2)  means  that  all  function 
values  and  derivative*  are  xcro  at  all  vertices  except  that  tPV/Qy*  equals  to  unity  at  one 
of  the  vertices.  Their  Bcxier  net  representations  are  completely  given  in  Chut  (3).  The 
graph  of  lr(0,0)  and  V(0,2)  are  shown  in  Figures  2  and  3  respectively. 

One  should  note  thnt  the  support  of  any  one  of  the  quintic  vertex  splines  is  not  a  single 
triangular  element.  Instead,  it  is  a  polygon  which  includes  all  the  triangles  joined  together 
at  a  common  vertex.  The  value  of  the  spline  is  xero  everywhere  outside  tins  polygon. 
Tins  local  characteristic  makes  the.  vertex  splines  uniquely  suitable  for  FEM  analysis.  In 
addition,  since  the  splines  are  expressed  in  terms  of  the  Bcxier  polynomials  in  Barycentric 
coordinates,  the  triangular  partition  of  the  region  can  be  completely  arbitrary.  Hence,  the 
Finite  Element  formulation  can  be  directly  applied  to  the  partitioning  triangles  without 
the  need  of  a  linear  map. 

3.  Formulations  for  field  analysis  in  guiding  structures 
Assuming  that  a  waveguide  of  an  arbitrary  cross  section  is  filled  wills  homogesseous 
dielectric  material.  A  scalar  formulation  (B,  or  II,)  is  adequate  to  detersnine  the  modal 
propagation  constants  and  the  field  distributions.  The  energy  functional  for  the  TE  modes 
is  given  by 
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/{//,) -\j  I  {t?  II.?  -  W)dxdy.  (4) 

We  express  the  function  II,  a*  »  linear  combination  of  the  vertex  spline*,  namely: 

A/ 

//»(*«  y)  ■  52  y)<  t®) 

> 

where  M  is  the  total  number  of  basis  spline  functions  in  the  region.  Depending  on  the 
number  of  subdividing  triangles,  the  number  M  is  Ox  (number  of  vertices)  +  (number 
of  edges).  For  example,  let  the  cross-section  of  a  rectangular  waveguide  be  os  shown  in 
Figure  4.  There  are  9  vertices  and  1G  edges,  so  that  A/  «■  70.  If  II,  in  (5)  is  substituted 
into  (4),  minimising  the  functional  leads  to  an  eigenmatrix  equation  of  the  form 


(0T-M  * 


to 


which  can  be  solved  using  any  standard  eigenvalue  package.  The  vector  y»r  is  a  row  vector 
containing  all  the  unknown  coefficients  /<,  i  *  1, . . . ,  A/.  The  dimension  of  the  matrices  A 
and  D  is  Af  x  bl  when  the  physical  boundary  conditions  are  ignored.  When  the  boundary 
condition  are  included  in  the  formulation,  the  sire  of  the  matrix  is  slightly  reduced. 

If  the  waveguide  is  fillet!  with  a  layered  dielectric  similar  to  the  substrate  of  a  mi¬ 
crostrip  circuit,  the  scalar  formulation  is  not  adequate  to  solve  the  problem.  Following 
the  formulation  of  Angknew  et  al.  (4],  the  transverse  electric  and  magnetic  fields  can  be 
represented  by  the  four  spline  series 


A  f 

£,  =  5>'V'< 

i 

A/ 


Ih 


Af 

i 

At 


(7) 


Ur  =  I>Vi  //,  =  ]>>^- 
k  I  1 

A  matrix  equation  similar  to  (G)  can  be  obtained.  Wc  note  that  the  elements  in  A  and 
B  contain  inner  products  of  any  two  vertex  splines  from  two  adjacent  vertices  and  the 
appropriate  value  of  the  dielectric  constant  within  the  range  of  integration.  Titis  operation 
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involve*  multiplying  the  bails  of  the  two  splines  together  anti  integrating  ever  the  over- 
lapping  triangular  region.  There  are  at  most  two  overlapping  triangular  regions  between 
any  two  vertices.  Since  the  integral  //!  iVjdrdy  ean  be  computet!  ami  steretl  the  inner 
products  can  be  obtained  easily. 


4.  Examples  and  Conclusion* 

As  a  preliminary  test  of  this  approach,  we  calculate  the  cutoff  wavelength  of  a  rect¬ 
angular  waveguide.  The  results  are  compared  with  the  e.\  t  solutions  anti  other  known 
solutions  in  Israel  and  Miniowiu  (2).  They  are  tabulated  in  Tables  I  and  11.  In  another  ex¬ 
ample,  we  follow  the  formulation  given  by  Kosbiba  et  a).  (5)  using  all  three  component*  of 
the  II  field  to  compute  the  modal  propagation  constants  of  a  rectangular  waveguide  filled 
with  two  dielectrics.  Our  results  compared  favorably  with  other  published  data.  They  are 
listed  in  Table  111. 

We  conclude  by  pointing  out  several  advantages  in  using  this  method.  These  include: 

(1)  There  is  no  need  to  map  an  arbitrary  triangle  into  the  standard  triangle  in  order  to 
conform  to  a  given  coordinate  system.  This  formulation  depends  only  on  the  locations 
of  the  vertices  within  the  region.  (2)  The  continuity  of  the  function  value*  and  the  first 
partial  derivatives  are  built-in  in  the  Bferier  representation  of  the  vertex  splines.  The 
resulting  approximated  function  5s  everywhere  smooth.  (3)  The  order  of  approximation 
is  full  which  is  higher  than  the  ordinary  FEM.  (4)  The  number  of  subdividing  triangles 
required  to  achieve  a  given  degree  of  accuracy  is  smaller  and  the  speed  of  computation  is 
increased. 
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figure  3  Figure  4 


Table  I  TEu  mode  cutoff  wavelength  In  6  rectangular  waveguide  with  free 
boundary  condition'  using  vertex  splines 
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Table  II  TE\i»  mode  cutoff  wavelength  in  a  rectangular  waveguide  with  free 
boundary  condition  using  Hennite  polynomials 
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m  is  the  number  of  partition  triangles 
a  is  the  dimension  of  the  mass  and  stiffness  matrices 


Table  III  Comparison  of  the  propagation  constants  in  a 
dielectric  loaded  wave  guide  (Jt‘«w) 


Three  Component 
If  Field  Method 

8.S093  (04,153) 
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11.2077 


Penalty  Function 
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11.2730 


Vertex  Spline 
Method 
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10.2755 

11.2355 
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ABSTRACT 

An  eRkteni  and  versatile  numerical  algorithm  fee  calculating  the  Mattered  electromagnetic  wave* 
By  two-dimemlonal  object*  with  complex  geometry  and  anisotropic  material  property  In  the  lime* 
domain  ha*  Been  developed.  Thi*  U  achieved  By  using  a  *peeia|  finite  different*  method  based  upon  a 
natural  vpatlal  disctetlfatioa  ef  the  Integral  form  of  Maxwell'*  equation*  on  a  rien-oribegenaj  grid- 
*y»(em  sh»1  i Ik  leap-frog  finite  difference  In  the  time-domain.  Ii  ha*  the  advantage*  of  being  (a)  very 
efficient.  (B)  highly  accurate  due  in  the  body-fitted  gild  iy*t«m,  and  (c)  vety  easy  id  implement 
teundary  condition*.  The  capability  and  feadbility  of  thi*  computer  code  are  tested  by  performing 
numerical  simulation*  on  few  realistic  example*,  e.g.,  cylindrical  object*  wlili  cto**  letilon*  of  a 
metallic  jel  sad  an  anisotropic  tempodte  airfoil.  U  ba*  been  found  that  It*  performance  I*  quite  good. 

INTRODUCTION 

An  effickat  finite  difference  ifutliod  for  wiving  E-M  Mattering  problem*  In  tbe  rpace-time  domain 
wa*  fir*i  introduced  by  Y«  (I)  for  tbe  two-dimendonal  case  and  later  applied  to  the  three-dimensional 
ease  by  Tafiove  and  Rtodwin  (2),  Holland  j3),  and  Kun*  and  lee  (4).  Thi*  finite  difference  method 
requite*  a  uniformly  reetanguUr/cublcal  grid  .\y*t<m  and  R  l*  the  mart  efficient  numerical  metbod  {kc 
Hie  review  by  Clicn  (5)}.  Unfortunately,  for  Katleter#  with  curved  boundarle*.  one  need*  extra 
ordinarily  large  amount  of  uniform  rectangular/cublcaj  grid  tone*  to  approximate  tbe  curved 
boundarle*  and  to  mlnlmire  Uie  unde*Irable  '*talrea*lng  phenomenon",  and  tbu*  il  render*  tbi* 
numerical  method  loefnclent  la  general. 

later,  Mel,  Caagellari*,  Angelako*  and  Un  [0],  (T)  have  presented  tie  'Point-matched  Time 
Domain  Finite  Element  Method',  a  combination  of  the  bade  feature*  of  tbe  standard  Yee’*  finite 
difference  metbod  and  tbe  fmiie  dement  metbod.  It*  efficiency  I*  an  improvement  over  tbe  itandard 
Yee’*  finite  difference  method  due  to  it*  ability  to  compute  on  a  body-fitted  non-ortbogonal  grid 
*y*(em,  but  it  pay*  a  price  for  tbe  additional  Interpolation  and  extrapolation  In  the  non-ortbogonal 
grid  zone*. 

Recently,  Yee  ($)  bax  made  an  Improvement  of  hi*  metbod  by  applying  hi*  finite  diffetence 
dUcrctiiatlon  In  tbe  mo*l  natural  way  to  tbe  integral  form  of  Maxwell'*  equation*  on  a  general  non- 


532 


orthogonal  system  which  make*  (he  Implementation  ef  boundary  conditions  extremely  easy.  It, 
can  he  shewn  (4)  that  it  Is  the  meet  efficient  numerical  method  t»y  performing  the  itandard 
computational  complexify  analyst*,  (a  caunl  (he  ratal  (tenting  (*oinl  arithmetic  operation*  needed 
in  a  tyjijcat  calculation.  Meet  recently,  Taffovc  [2]  ant}  Madsen  ami  ZielVewskl  (10)  have  modified  and 
extended  Yee'a  non-orthogenal  grid  method.  Here  Ycc’s  nsmerlhogonal  grM  method  i*  generalised  for 
wiving  the  two-dimensional  scattering  problem*  ef  B-M  wave*  by  largeU  with  cemplex  geometry  and 
anisotropic  material  projtctiy.  Hecently,  MOM  technique  ha*  been  used  to  solve  the  corresponding 
lime-harmonic  mitering  ptohiettt*  by  Umashanhar  (11). 

Tire  whole  space  domain  fl  l*  divided  into  three  connected  hut  non-overlapping  tub-domains,  the 
interior  region  flj  representing  the  target  and  pe**<*dng  a  nen-orthegonai  cylindrical  grirl  system,  !hc 
Intermediate  region  D-,  representing  the  free  space  just  outside  of  the  target  and  possessing  the  same 
non-erthogonal  cylindrical  grid  system,  and  the  large  exterior  region  fl-j  representing  the  far-ficld  free 
space  but  truncated  at  a  large  distance  away  from  the  target  ami  possessing  the  standard  orthogonal 
cylindrical  grid  system.  Now  B-M  wavy*  must  satisfy  the  fallowing  Initial-boundary  value  problem  of 
Ihe  Integral  form  of  Maxwell’*  equations, 


(jlEfc  •  d(  ■  •  ^  itkdllk/0i  •  di,  t  >  0. 

s«  nk. 

<fsllk  » d)  -  $  «k  +  CfcEk  +  xk0Ek/at) .  dj, 

k  m  1, 2, 3, 

U) 

the  initial  condition*  Ej;Cs,0)  *  ilj.fs,0)  as  0.  2  <  flj. 

.  k  «  1. 2. 3. 

(2) 

the  boundary  condition*  (no  surface  charge*  and  current*}, 

uxE^axE,,  a  x  u2  *  u  x  Jij,  cuEa'aexjEjea.  /<qII2*u  *  willi»u,  5c0f)l2, 
axfijnaxEj,  a  x  n3  »  u  x  h2,  Ej*a=£2*a.  U2*a  «*  il2*u*  ^<on->y  (3) 

and  the  asymptotic  terminating  condition, 

a  X  Ej  «*  O'oAor  (a  x  1I3),  s  c  <5fla,  M) 

where  a  it  the  unit  outer  normal  vector  at  the  Interfaces,  00 j ■>  I*  the  interface  between  flj  and  fl2, 
Cfl23  i«  the  Interface  between  fl2  rutd  flj,  flflj  U  the  outer  boundary  of  flj,  ij=  i2  ~  0  ami  2j  =  i(g) 
are  the  source  distributions,  £j  s=  <2  =  CqI,  U$~  U%~  I'qI  and  SL^-Sa-  egl  are  the  free  space 
permittivity,  permeability  and  conductivity  respectively,  and  Cj,  a.,  ami  £j  are  the  3x3  real  positive 
symmetric  permittivity,  permeability  and  conductivity  matrices  of  the  target  res|>ective!y. 
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Here  for  simplicity,  the  scattering  ef  normal  Incident  TEM  electromagnetic  wav«  by  a  cylindrical 
target  with  It*  axil  along  t-axi*  Ii  considered,  e.g.,  £  ■  E*l*  +  Eyiy  ami  U  ■  II, U,  where  U  I*  the 
unit  vector  In  the  &-dlrectJen. 

NUMEIUCAh  CONSIDEIIATIQN 

To  diseretlre  (l)-H).  'be  rectangle  role  U  tt»ed  to  approximate  bo'.h  the  line  and  area  Integral*  with 
the  value*  of  Jj  and  U  field*  to  lie  calculated  on  l*o  different  hot  *Wggcred  grid  systems,  and  the  leap- 
frog  finite  difference  icheme  Is  u*ed  to  approximate  the  first  erd'/r  time-  derivative.  For  example,  the 
E  field*  are  evaluated  at  the  mid-point*  of  the  four  edge*  ef  the  quadrilateral*  (Fig.  1)  ami  at  the 
integer  time  increment*,  and  the  U  field*  are  evaluated  at  the  center*  of  tiro  quadrilateral*  and  at  the 
half  time  increment*. 


Fig- 1 


Theoretically,  the  boundary  condition*  (3)  mint  be  imposed  at  the  Interface  of  two  different 
material*,  llut  here,  there  I*  no  need  to  Impose  the  boundary  condition*  explicitly  In  programming 
this  numerical  algorithm,  because  the  boundary  condition  for  the  tangential  component  of  E  I*  satisfied 
automatically,  and  the  other  three  boundary  condition*  are  al*o  automatically  tatUfied  Is  the 
approximate  *<nse  If  the  difference*  of  the  material  properties  spread  linearly  across  a  complete  grid 
sone  Instead  of  just  across  the  interface.  In  this  way,  there  Is  no  cumbersome  programming 
Instruction  at  the  Interface  to  slow  down  the  calculation;  the  application  of  boundary  conditions  is 
replaced  by  the  process  of  assigning  the  materia!  tuwameters  into  the  grid  xones.  In  particular,  the 
programming  instruction  l*  extremely  simple  if  the  material  Interface  is  located  either  at  a  constant  I- 
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line  or  at  a  constant  j-line. 

Finally,  to  Achieve  a  stable  computation  for  this  explicit  finite  difference  scheme,  one  must  Impose 
the  well  known  Conrant,  Friedrich#,  and  Lcwy  stability  condition. 

RADAR  CROSS  SECTION' 

The  definition  of  the  radar  cross  section  for  the  time-harmonic  K-M  field*  I*  generalised  to  caso# 
with  C*\V  jiuhe  a* ; 

T*+ATg  Tto+ATln 

£(V)*  lim  r  J  Ikl2  dt/  J  |£f„|a  «m  (5) 

r-.ee  T*  ‘I (f, 

where  F  e*i«al#  to  2*r  for  3-D  problem*  and  to  -Ur2  for  3-D  problem*,  r  i*  the  distance  between  the 
transmitter  ami  the  seauerer,  1#  the  incident  E- field  C*W  pulse  at  the  target,  E*  i#  the  scattered 
far  field  E-field,  t,'  I*  the  angle  between  the  transmitter  ami  the  »ero  angle  a*!*,  “  0  for  l  <  Tln* 1 

>  Tj(|  +  AT,n,  and  &  -  0  for  l  <  T„,  t  >  T,  +  AT*. 

NUMERICAL  EXAMPLES 

Example  I:  A  Jet  consisting  of  jKtfcetiy  conducting  material  with  the  characteristic  dimension  of 
«•  10m  D  considered.  A  short  C-W  pulse  of  B-M  field#  with  frequency  *»  -tO  MID  Is  used  as  the 
source.  The  radar  Irack-scattering  cross  section  a*  a  function  of  0  I*  plotted  In  Fig.  2.  The  CPU  time 
on  Silicon  Graphic#  IIUS  -tD  120/GTX  for  this  example  is  261*. 


Example  3:  A  composite  aitfoil  with  llie  leading  edge  consisting  of  anisotropic  lossy  dielectric,  txx  a 
33  x  10’l2f*rad/m,  <yy  a  44,2  x  10’*3farad/m,  <Xy  a  0,  ami  z  ■  si,  «  ■  5  x  Ip  ho/m,  ami  the 
trailing  edge  consisting  of  iKtfcctly  conducting  material  I«  need  a*  the  target.  The  characteristic 
length  of  the  airfoil  U  10m.  A  short  C*\V  pulse  of  B*M  Held*  with  frequency  -  33S  Milt  li  tried  as 
the  source.  Tlie  radar  hack-scattering  ctOM  section  a*  a  funcliort  of  9  U  plotted  In  Fig.  3. 


Hfr  3 
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Results  from  solving  Maxwelrs  Equations  as  a  system  of  first  order 
differential  equations  with  magnetic  and  electric  losses  are  studied.  This 
includes,  in  part,  the  postprocessing  of  the  near  fields  to  acheive 
frequency  domain  solutions  and  a  more  understanding  of  time  domain 
scattering.  Solutions  are  carried  out  to  steady  state  where  a  frequency 
domain  conversion  may  be  performed  on  various  parts  of  the  result. 

Results  include  the  total  fields,  scattered  fields,  and  the  surface  and 
volume  currents  of  2-D  geometry  from  which  the  RCS  can  be  computed.  It 
will  also  be  shown  that  the  RCS  can  be  computed  from  equivalent  current 
sheets  around  the  geometry  described  by  the  near  scattered  fields,  and  the 
Equivalence  Principle. 

Results  from  wide  bandwidth  and  modulated  Gaussian  pulses  will  be 
presented,  where  several  frequencies  contribute  to  the  time  domain 
solution.  Fourier  transforms  will  be  computed  on  2-D  space-time  data  and 
converted  to  space-frequency  data,  where  the  desired  sloution  at  a 
particular  frequency  is  picked  out.  Performing  a  Fourier  transform  on 
truncated  signals  vs  windowed  signals  in  time  is  investigated. 

Various  techniques  and  formats  for  graphical  representation  will  1 1 
presented  for  ease  of  understanding  the  'big  picture*  in  the  time  domain 
medium. 
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Approach 


•  Maxwell's  liquations  are  specialised  into  a  system  of  24)  stater 
ordinary  differential  equations 

•  Predictor  corrector  lime  stepping  algorithm 

•  Kadlatlon  boundary  conditions  developed  by  Kngqulst  and  Majda 

•  Form  lilted  grid  used  to  describe  geometry 

•  Output  field  values  at  every  grid  point,  Including  surface  and 
volume  currents  as  a  function  of  time 

•  Signal  processing  techniques  used  to  convert  signal  Into  frequency 
domain 

•  Display  frequency  domain  and  time  domain  data 


Geometry  ami  Procedure 
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2-1)  Maxwell's  liquations 


■ST*'** 


£.1 

H  *•  H  tf  «*  *1  i 


JiLh.  I 


«Lill 

Ja  * i  J 


Tbc  d<»l»»ttui  A*lTl*<%*tT)f  »",1<  l*  numerically  calculated  U*m  Ok  (lit*  >, }  cwifdlaile 
•a  Hk  (rid  by  tbc  Metric  Mcalltlei. 


Metric  Identities 


ii 

Ox 


‘yS 

IT 


h 


Ifn 

VT 


n  v  » 


ii 

VT 


»h«r*  'ft  •  x^-  jf^Xq  *  Jacobian 
illume  ()■  H(»  I 


540 


Predictor  Corrector  Algorithm 
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Boundary  Conditions 
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ABSTRACT 

A  development  of  a  parallel  computer  Finite  Element  model  for  the  poten¬ 
tial  distribution  between  conductors  In  n  multi-conductor  transmission 
line  is  considered.  The  parallel  modeling  Is  done  on  Thinking  Machine's 
Connection  Machine,  a  massively  parallel  computer  employing  up  to  64k 
processors.  The  finite  element  methods  employed  are  basic  but  illustrate 
tho  CM's  performance  when  solving  FEM  problems  using  an  olcment-by-elcment 
solution  technique  with  conjugate  gradients.  Results  and  future  research 
Interests  are  given. 


INTRODUCTION 

Computationally,  many  aspects  of  the  Finlto  Element  Method  (FEM)  of 
modeling  partial  differential  equations  may  be  viewed  as  operations  on  a 
large  number  ot  data  Items.  Thus,  It  la  thought  that  tho  Connection 
Machine  (CM)  may  yield  significant  advantages  In  FEM  modeling.  Although 
the  literature  contains  much  on  parallel  FEM  modeling,  work  on  tho  CM  has 
been  rare1. 

A  sioplo  Illustration  of  the  computational  factors  of  FEM  modeling 
Is  given.  Next,  the  methods  chosen  are  presented  along  with  preliminary 
results  using  several  simple  problems.  Finally,  areas  of  current 
research  on  this  subject  are  given. 

FINITE  ELEMENTS 

One  method  of  finite  element  analysis  involves  the  solution  of  FDE's 
using  the  method  of  weighted  residuals  over  some  discretized  domain.  An 
approximation  to  the  solution  Is  calculated  on  a  finlto  cumhor  of  nodes  by 
using  a  polynomial  approximation  of  the  fiold  variable  across  a  subdomain 
or  element.  Each  element  contributes  independently  to  a  global  sat  of 
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linear  algebraic  equation*  repreaentlng  the  diaerete  aoluticn  (fcr  a  fur¬ 
ther  deacrlptlon,  aee3  )•  It  1*  the  parallel  conatructlon  and  aolutlon  of 
the  ayatem  that  la  conaidered. 

Without  delving  Into  the  mathematic*  of  the  FEH,  suffice  it  to  aay 
that  the  boundary-value  problem 

Lu  -  t  (II 

In  aome  domain  0  with  appropriate  boundary  condition*  la  approximated  with 
the  linear  ayatcm 

Au  -  b  (2) 

for  u  the  deaircd  aolutlon.  la  tens*  of  elemental  contribution*,  (2)  may 
be  written  aa  an  aaaimbly  of  contribution*  due  to  individual  element* 

(2  A«)u  -  (£  b«)  .  (3) 


COKJUGATX  GRADIENT  SOLUTION 

Normally,  th*  aaaembly,  (3),  1*  carried  out  and  the  ayatem  la  aolved 
uaing  known  technique*.  7or  parallel  aolutlon,  a  aomewbat  different  ap¬ 
proach  haa  come  Into  uaa.  Uaing  an  element-by-element  acheme,  each 
elemental  contribution  (A0  and  b4)  la  calculated  Independently.  The  A0'a 
are  atored  while  the  right-hand  aide  la  aaaembled  Into  the  global  vector, 
b.  Aa  will  be  aeen,  thia  la  a  convenient  method  for  parallel  aolutlon 
uaing  the  Conjugate  Gradient  method3. 

Conjugate  Gradient  (CG)  aolutlon  method*  are  preferred  in  parallol 
environment*  becauae  they  ere  a  collection  of  vector-matrix  product*,  vec¬ 
tor  dot-product*,  acaler-vector  product*  and  vector  addition*  -  all  opera¬ 
tion*  with  Inherent  parallel  feature*'’.  The  baalc  CG  method  la3 


Initialises 

p,  -  r,  »  b  -  Au,,  (4a) 

Iterates 

kil* 

«1  -  - ,  (*b) 

(PiiAPi) 

ul+l  "  U1  *  aiPi>  (4c) 

-1+1  “  ri  -  aiApi,  (4d) 

lrl+ll* 

bi  “  - >  (4e) 

lril  * 

(4f) 


Pl+1  "  ri+l  +  fciPi> 
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{or  u,  Arbitrary.  Thu*,  a*  stated,  equation*  (A)  aro  a  <ct  of  many  inde¬ 
pendent  operation*  and  veil  suited  for  parallelisation. 


SOLUTION  IN  FARALLXL 

Since  the  isachine  In  question  1*  the  CH,  a  basic  understanding  of 
It*  operation  Is  needed.  The  CH  1*  beat  described  '.■*  a  SIMP  or  data 
parallel  machine  containing  up  to  64k  processors,  ear's  with  local  memory. 
It  is  configured  In  a  hypercuba  format  and  attached  to  a  front-end  VAX, 
SUN  or  Symbolics  computer.  Among  its  tasks,  the  front-end  serves  to  com¬ 
pile  code,  distribute  Instructions  and  data  to  the  processors,  and  handle 
any  non-parallel  operations  In  a  given  program.  Vlthln  the  CH,  processors 
may  be  allocated  as  needed  to  run  certain  instruction*  on  a  specified  data 
set.  Also,  each  physical  processor  may  be  configured  Into  more  than  one 
virtual  processor  vhere  the  physical  processor's  memory  and  access  Is 
divided  among  the  virtual  processors.  This  allows  the  CH  to  effectively 
operate  ss  a  machine  with  up  to  2048k  virtual  processora.  For  a  more  com¬ 
plete  description,  see6. 

Above,  it  was  noted  that  the  calculation  of  the  elemental  contribu¬ 
tions  Is  an  independent  process  and  may  therefore  be  done  In  parallel.  In 
the  algorithm  described  here,  a  number  of  processors  on  the  CH,  each  cor¬ 
responding  to  an  element,  calculates  Its  elemental  contribution,  both  for 
the  global  system  (Ae)  and  for  the  right  hand  side  (be).  Additionally,  a 
different  set  of  processors  Is  allocated  corresponding  to  the  number  of 
unknowns  In  the  system,  N.  This  array  of  processors  contains  all  the  vec- 
>r  quantities  given  In  (A),  each  processor  having  one  of  the  entries  In 
each  vector.  This  la  the  mapping  of  the  problem  onto  the  CH  used  here. 


Elemental 

Processors 


Nodal 

Processors 


Flguro  1.  Processor  Happing  on  the  CM  for  Solution  Pbaso. 
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Once  the  elemental  contribution*  have  been  computed,  Che  b0 '*  are 
assembled  into  their  proper  locations  in  Che  b  vector.  Heat,  during  the 
CC  solution,  a  matrix-vector  product  suet  be  computed 

A|  *  b  (3) 

where  A  lx  our  global  NxN  matrix  and  g  and  n  may  repreaent  any  vector  of 
length  M.  In  the  element-by-eiement  method,  each  elemental  contribution 
to  A  (Ae)  la  etored  in  lta  proceaaor.  Vheo  a  product  ae  in  (3)  ia  needed, 
oacb  elemental  proceaaor  multiplica  ita  non-tero  membera  by  the  cor- 
responding  values  in  g  ae  required  by  matrix-vector  multiplication.  As 
they  are  calculated,  each  elemental  processor  sums  lta  contributions 
into  the  proper  proceaaor  corresponding  to  an  entry  in  the  vector  n. 
Thus,  the  vectors  needed  in  the  CC  solution  tacholqua  are  obtained.  Koto 
that  in  tbia  process,  many  o£  the  multiplications  aro  done  in  parallel 
and,  although  incerprocesaor  communication  la  needed,  much  of  it  ia  alao 
parallel. 

To  carry  out  the  rest  of  the  solution  in  parallel  la  almost  a 
trivial  task  on  tho  CM.  With  one  processor  handling  one  entry  in  each  of 
the  vectors  in  (4),  the  CM  acta  as  a  huge  vector  processor,  performing 
multiplications  and  additions  for  M  unknowns  concurrently.  Vhore  scaler 
valuea  are  uaed,  they  are  either  summed  to  the  front  end  or  broadcast  to 
the  N  proceaaora  on  required  in  Che  CC  solution  algorithm.  As  will  be 
shown,  this  technique  yields  very  fast  aolutiona  for  which  one  iteration 
la  almost  Independent  of  the  number  of  unknowns. 

RESULTS 

For  Illustrative  purposes,  several  two-dimensional  quesi^statlc 
problems  were  solved  using  first-order,  linesr  isoparametric  elegants. 
Specifically,  the  problems  all  involved  the  aolutlon  of  Lapic.o's  equation 

V'C(xty)Vu  -  0  (d) 

la  a  crosa  sectional  region  with  multiple  conductora  at  in  figures  <2)  end 
(3).  The  problems  are  conaMersd  quaai-sfatic  aloce  a  inhomogeneous 
region  will  not  support  a  true  TEM  wave.  The  conductors  each  possess  a 


Figure  2.  Coax  Problem  Solved. 
553 


Figure  3,  Hulticonductor  Problem* , 


DlrlcbloC  boundary  condition  ,  The  region  is  discretir.efi  f.n  a  preproces¬ 
sor  progran  and  ':)ic  moth  date  la  then  read  and  tranc  1.<icnh&  to  the  CH  a* 
seeded. 

The  programming  us*  dooo  In  C*,  the  data-parallol  C++  type  language 
for  the  CH,  and  executed  on  a  nacblno  with  32k  processors.  Both  alnglo 
preclalon  (hardware)  and  double  proelalon  (aoftvare)  floating  point  cal¬ 
culations  wore  uced,  The  results  taken  were  run  using  a  virtual  processor 
ratio  of  one. 

Figure  (4)  shows  a  comparison  of,  the  actual  solution  times  for  the 
coax  problem.  Although  not  strictly  problen  Independent  (the  ooacurrency 
of  the  matrix-vector  product  computation  is  dependent  on  the  numbor  of 
elements  in  the  problem)  thebe  results  show  the  relative  apeed  of  the  CH 
as  compared  to  «  known  aerial  Bystem  (VAX  6800).  Table  1  showa  the 
results  for  ecVftrdl  microstrip  problems.  Results  were  taken  using  the 
convergence  criteria 
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with  software,  double-preelsion  floating  point  calculations  for  the  coax 
problem  and  hardware,  single-precision  floating  point  calculations  for  the 
mlcrostrlp  results. 

Referring  to  Figure  (4),  solution  time  on  the  CM-2  appears  to  bo  a 
nearly  linear  function  of  the  number  of  unknowns.  This  increase  in  solu¬ 
tion  time  is  due  almost  entirely  to  the  increase  in  the  number  of  itera¬ 
tions  required  for  the  system  to  meet  the  convergence  criteria.  Time  per 
iteration  Increased  only  slightly  with  the  increase  in  unknowns  -  from 
0.308  see.  to  0.382  sec.  over  an  Increase  of  9100  unknowns. 
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Looking  at  the  result*  Cor  the  microntrlp  problems  In  Table  l., 
tinea  tor  both  the  Fill  and  the  Solve  portion*  of  the  program  remain  rela¬ 
tively  constant  over  a  range  oC  element*  and  nodes.  The  Fill  tinea  seen 
comparatively  long  for  the  simple,  elements  that  were  used.  This  is  due  to 
an  un-optimised  Fill  routine  which  contains  a  fair  anount  of  communica¬ 
tion.  Koto  that  during  the  solution,  the  tine  per  iteration  (-  0.14  sec.) 
is  approximately  half  that  obtained  using  software,  floating  point  cal¬ 
culations  (-  0.34  gee.). 

There  are  several  polntii  which  should  be  made  concerning  these 
result*.  First,  the  problem  was  one  for  which  the  system  of  equations  was 
symmetric  and  positive  definite.  This  allowed  the  usage  of  the  basic  CG 
routine.  A  preconditioned  CG  algorithm  may  be  used  for  systems  which  do 
not  meet  this  criteria  at  the  cost  of  solution  tin*.  Second,  the  algo¬ 
rithm  has  uot  been  'tweaked*  for  tbo  fastest  comnunicatlon  pattern.  That 
la,  communication  with  the  front  end  computer  in  the  solution  routine  is 
not  an  absolute  necessity  and  accumulation  on  the  CH  itself  may  yield 
faster  results.  Third,  this  napping  of  the  solution  algorithm  onto  the  CH 
results  in  a  very  inefficient  use  of  processors.  The  processor*  as¬ 
sociated  with  the  element*  renatn  unused  during  the  solution  phase  except 
whan  calculating  the  matrix-vector  multiply.  Lastly,  although  the  cal¬ 
culation  the  element  matrices  was  parallelised,  times  were  relatively 
SaCH  du:  to  a  communication  bottleneck  with  the  front  end.  Communicating 
f.ho  soak  data  for  finely  dlscretlxed  system*  from  the  front-ond  to  the  CH 
la  quite  time  consuming. 

Although  not  conclusive,  these  results  are  promising.  Results  ob¬ 
tained  by  Johnsson  and  Mathur7  using  a  slightly  different  mapping  and  a 
regular  mechanical  engineering  problem  indicate  computational  power  on  the 
order  of  a  gigaflop  for  both  the  fill  and  solution  portions  of  the  FEH  al¬ 
gorithm,  Vltb  this  type  of  power  possible,  the  CH1*  relatively  low  cost 
compared  with  known  supercomputers  makes  It  a  very  viable  alternative. 


Figure  4.  Coax  Solution  Comparison. 
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fNodes 

jjfCond. 

Fill 
Tim«  (*) 

Solve 
Time  (*) 

Ti'^e/Iter . 
(■> 

724 

399 

2 

8.17 

3,12 

0.13 

966 

532 

3 

7.98 

2.43 

0.13 

3876 

2037 

3 

8.00 

4.59 

0.14 

2775 

1481 

8 

7.90 

. 

2.59 

0.14 

Table  1,  RnuUi  For  Different  Hlcroatrlp  Problems. 


CURRENT  RESEARCH 

Research  loco  FEH  analysis  on  Che  Connection  Machine  Is  ongoing  ac 
NHSU.  Current  activities  Include  the  implementation  of  a  more  officiant 
mapping  of  the  solution  algorithm,  a  Preconditioned  Conjugate  Cradlent 
(PCG)  solution  algorithm,  results  vith  higher  order  elements,  multigrid 
methods  and  parallel  mesh  generation. 

A  ECO  algorithm  would  allow  the  solution  of  systems  which  are  not 
aymnetric-pooltivc  definite  such  as  those  which  arise  in  the  solution  of 
the  2-d  and  3-d  wave  equations.  Elans  for  remapping  the  solution  phase  of 
tho  FEM  algorithm  will  allow  solution  of  much  larger  systems  of  equations 
with  more  efficient  use  of  the  processors.  Vitb  regard  to  mesh  genera¬ 
tion,  transferring  large  amounts  of  data  (mesh)  to  the  CM  seems  to  be  a 
bottleneck  to  the  overall  FEM  solution  times.  It  Is  hoped  that  the  small 
amount  of  data  needed  to  describe  a  mesh  may  be  communicated  and  the  mesh 
generated  in  parallel  using  a  multigrid  solution  technique.  The  mesh  data 
can  then  simply  be  used  by  the  FEM  program  minimizing  communication  with 
the  front  end. 
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Efficient  Modeling  of  Thin  Dielectric  Structures  {’sing 
the  Finite-Difference  Time-Domain  Technique 
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Electrical  and  Computer  Engineering  Department 
University  of  Kansas 
Lawrence,  Kansas  66015 

Tiic  Finite-Diflercnco  Time-  Domain  technique  (FDTD)is  a  proven  mod¬ 
eling  technique  and  has  been  used  successfully  to  model  complex  scattered 
in  both  the  time  and  frequency  domains.  The  technique  is  very  flexible  in 
that  it  can  model  both  conducting  and  dielectric  media,  Configured  as  open 
or  closed  geometries. 

in  spite  of  the  great  success  of  this  technique,  it  is,  of  course,  not  with¬ 
out  its  weaknesses.  One  such  weakness  is  it*  relative  inability  to  model 
geometries  that  arc  both  electrically  large,  and  yet  contain  fine  detail;  such 
detail  could  include  sharp  points,  small  apertures,  and  thin  dielectric  sheets. 
Small  substructures  such  as  these  cause  problems  with  the  FDTD  technique 
because  the  fields  in  the  vicinity  of  these  objects  exhibit  rapid  spatial  varia¬ 
tions. 

Although  line  detail  can  be  accommodated  by  using  a  finer  spatial  grid, 
(bis  can  also  be  a  source  of  problems.  First,  if  the  ceils  small  enough  to  resolve 
the  fine  detail  nrc  used  throughout  the  problem  space,  the  total  number  of 
cells  may  be  enormous.  Fine  subgrid  models  can  also  be  used,  but  there  can 
be  problems  of  numerical  noise  being  transferred  across  the  finc/coarsc  grid 
boundaries. 

An  attractive  method  of  dealing  with  the  problem  of  fine  detail  in  FDTD 
codes  is  to  build  the  near  field  physics  of  the  fine  detail  in  question  into  those 
cells  that  contain  them,  thus  allowing  the  ceil  size  in  the  solution  space  to 
be  uniform  and  relatively  large.  The  reasoning  behind  this  technique  is 
that,  while  the  “normal"  FDTD  field  advance  equations  assume  a  smooth 
linear  variation  of  the  fields  in  each  cell,  “smart"  ceils  can  have  a  specified 
nonlinearity  built  in  and  still  he  large.  This  approach  has  been  used  with 
success  in  the  modeling  of  thin  cracks,  apertures,  and  wires. 

In  this  paper  we  describe  a  technique  for  modeling  dielectric  sheets  that 
arc  much  smaller  Ilian  the  FTDT  eel!  site.  A  simple  model  of  the  near 
field  physics  is  developed  and  implemented  in  a  FDTD  code.  Results  arc 
shown  that  compare  the  calculated  plane  wave  scattering  of  thin  dielectric 
plates,  and  arc  compared  with  both  physical  optics  and  “brute  force"  FDTD 
calculations. 
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INTRODUCTION 


The  Finite-Difference  Time- Domain  (FDTD)  technique  has  hetemc  one  of  the  stan¬ 
dard  numerical  analysis  tool*  of  the  electromagnetic  community,  taking  It*  place  next  to 
technique*  inch  a*  the  Method  of  Moment*  and  Finite  Element*.  The  ba*ic*  of  FDTD 
were  demonstrated  In  the  mid  1880’*,  and  ha*  been  progressively  refined  *inec  then.  R 
ha*  many  attractive  clmrectcrlitic*,  among  which  arc  it*  relative  simplicity,  ver*atility,  and 
accuracy. 

In  many  re*pect*,  FDTD  can  be  considered  to  be  a  mature  technique.  Iitdecj,  *.2 
baric*  of  the  method  have  been  extensively  itudicd  and  characterised.  Thu*,  much  i* 
known  about  the  characterise*  of  solution*  produced  from  this  technique,  including  the 
number  of  urknown*  necessary  to  produce  accurate  *olutions  and  the  dynamic  range  and 
noi*c  floor  of  ti.  numerical  grid*.  Tlti*  ba*  enabled  a  broad  range  of  user*  to  use  these 
code*  to  solve  important  engineering  problem*. 

In  spite  of  the  relative  maturity  and  usefulness  the  FDTD  technique,  there  arc  still 
many  aspect*  of  it  that  are  the  subject  of  ongoing  researcii  to  improve  It.  An  example 
of  tin*  i*  the  effort  to  allow  the  analysi*  of  large  structure*  that  contain  fine  detail  using 
FDTD.  "he  challenge  here  is  to  develop  augmentations  of  FDTD  that  do  not  require  the 
use  of  extremely  large  number*  of  unknowns  in  order  to  resolve  these  detail*. 

A  geometry  that  is  becoming  increasingly  important  in  electromagnetic  analysis  (,* 
that  of  thin  dielectric  sheet*  or  slab*.  This,  of  course,  has  arisen  largely  a*  a  result  of  the 
recent  use  of  dielectric*  aircraft.  These  sheet*  may  appear  either  free  standing,  or  adhered 
to  conductor*.  Also,  these  sheet*  may  contain  cracks,  cither  due  to  their  construction  or 
to  aging.  These  sheets  pose  new  problems  in  electromagnetic  modeling. 

In  this  paper  we  describe  methods  of  modeling  .bin  dielectric  sheds,  possibly  backed 
by  conductor*  ami  containing  cracks,  using  FDTD.  The  technique*  discussed  here  arc 
“course  grid'’  technique*  that  allow  the  modeling  of  these  thin  structure*  without  the  need 
to  use  a  flue  grid  throughout  the  problem  space,  which  encumbers  the  model  with  far  more 
unknowns  than  is  truly  necessary. 

The  Integral  Equation  View  of  FDTD 

The  name  Finite- Difference  Time-Domain  is  an  accurate  name  for  this  technique,  but 
U  is  not  always  the  best  view  of  what  it  actually  docs.  Although  there  is  no  dnobl  thnt 
when  Yee  announced  the  technique  to  the  electromagnetic  community  in  19CG  (1)  it  was 
thought  of  a*  being  solely  a  differential  equation  technique,  H  was  later  shown  (2]  that  an 
integral  equation  view  produced  exactly  the  same  field  ndvnnce  equations  for  situations 
where  the  fields  arc  varying  linearly  with  respect  to  position.  For  situations,  however, 
where  the  fields  within  a  cell  are  varying  nonlincnrfy  with  respect  to  position,  the  integral 
equation  viewpoint  allows  added  insight  into  how  to  most  accurately  model  the  fields. 

Figure  1  shows  a  representative  situation  where,  small  sentterers  arc  present  in  n  nu¬ 
merical  grid  thnt  is  loo  course  to  resolve  them.  Due  to  the  boundnry  conditions  imposed  by 
these  scattcrers,  the  t  tic  and  magnetic  fields  in  their  vicinities  are  likely  to  be  nonlin- 
early  distributed  T  the  “normal”  FDTD  algorithms  for  advancing  the  fields  in  these 
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frits  wl»  fii!  tiinre  thry  depend  nn  linear  distributions  of  both  E  and  II  within  a  fell,  lint 
wh«;  FUT9  H  viewed  from  the  perspective  of  the  Integral  form  of  Maxwell*#  equations,  It 
become#  apparent  (hat  if  the  spatial  distribution  (he.,  shape)  of  the  field  within  these  cells 
can  be  determined  (pojslbly  from  quasi-static  models),  these  distributions  can  be  built 
into  the  contour  and  surface  Integral*  of  Ampere**  and  Faraday**  laws  that  ore  used  to 
advance  these  fields.  Thus,  only  tho  field  advance  equations  In  those  cell*  where  the  fields 
are  nonlincarly  distributed  need  to  be  modified  to  model  these  scatterer*. 

Using  this  philosophy,  the  standard  FDTl)  technique  can  he  augmented  for  a  great 
number  of  situations  where  small  parts  of  a  scatterer  would  normally  demand  very  small 
cells,  and  thus  the  need  for  using  far  more  unknowns  than  5#  necessary  to  model  the  ayos* 
aspects  of  the  scatterer.  Building  the  near  field  physic*  of  a  difficult  jwrtiefi  of  a  seaUerer 
Into  only  those  cells  that  encounter  allow  the  grid  rise  to  remain  uniform  across  the  problem 
space  without  sacrificing  the  ability  to  model  these  structural  detail*. 

Modifications  Fee  Thin  Dielectric  Slnb* 

Figures  2  and  3  summarise  the  change*  that  need  to  be  made  in  the  field  advance 
equations  in  cells  containing  thin  dielectric  slab*.  Here,  a  dielectric  slab  that  is  smaller 
than  the  cell  dimension*)*  centered  along  a  lattice  line  (a  standard  Yce-  type  spatial  lattice 
is  assumed  in  ail  cases  to  follow). 

Since  the  slab  is  electrically  thin,  all  components  of  the  magnetic  field  and  the  tan* 
gential  component  of  the  electric  field  cat,  be  eonsidcrcd  to  be  linearly  distributed  within 
the  cells  containing  the  dielectric,  but  the  normal  component  of  E  will,  of  course,  exhibit 
a  discontinuity  across  the  dielectric  interfaces.  As  a  result,  the  calculations  cf  the  tangen* 
tie!  electric  field  along  the  lattice  line  inside  the  slab  ami  the  tangential  magnetic  fields 
adjacent  to  the  *lab  have  to  be  modified.  In  the  case  of  using  Ampere’s  law  to  advance 
the  electric  field,  only  the  step  discontinuity  in  the  permitivity  needs  to  be  addressed  in 
the  surface  integral  of  B.  As  for  modifying  Faraday’s  law'  to  advance  the  magnetic  field, 
the  discontinuity  in  the  normal  electric  field  must  be  addressed  in  the  line  integral  of  E. 

The  field  advance  equations  developed  in  these  two  figures  actually  become  more 
accurate  as  the  electrical  thickness  of  the  slab  become*  thinner  since  the  tangential  electric 
field  within  the  cells  containing  the  slab  becomes  more  and  more,  linear.  Also,  they  arc 
both  applicable  for  both  two  am!  three  dimensional  codes. 

Conductor  0 ticked  Dielectrics 

The  general  philosophy  for  advancing  the  fields  of  a  thin  conductor  backed  dielectric 
is  shown  in  figure  1.  Here,  the  air/die!eclric  interface  has  been  placed  along  a  normal  grid 
axis,  and  the  conductor  backing  is  placed  a  distnnee  d  below*  the  axis. 

As  a  result  of  this  placement  of  the  geometry  within  the  FDTD  grid,  the  only  cell* 
that  will  contain  nonlinenrly  distributed  field  components  ure  the  ones  that  straddle  the 
sheet.  Due  to  the  boundary  conditions  at  the  conductor,  the  tangential  electric  and  normsJ 
magnetic  fields  will  decrease  linearly  throughout  these  cells  to  rero  values  on  the  conductor 
surface. 
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A  part  ef  this  formalism  1#  that  ihc  mntour  used  hi  the  Integral*  Is  #t*«l  square 
mill  demand* a  value  of  Hie  tangential  magnetic  field  just  above  the-  conductor-surface  along 
a  line  not  coinciding  with  a  standard  H  flr!d  evaluation  point.  This  can  he  circumvented, 
however,  by  evaluating  Faraday'*  law  ovsr  the  t»  I  eon  tour  indicated  within  the  dielectric 
to  calculate  this  magnetic  field  component.  Du;.‘„y  this  evaluation,  the  norma!  electric  field 
component  can  he  found  freri?  the  field  just  outside  the  dielectric,  subject  to  it*  known 
discontinuity  across  the  infesfacc. 

A#  in  the  case  of  this  dlcledtie  slab  without  the  conductor  backing,  these  simple 
assumptions  of  the  behaviors  of  B'ftad  II  near  the  dielectric  yield  field  advance  equations 
that  are  no  more  difficult  than  the  "standard*  equations,  but  take  Into  account  the  correct 
near  field  physics  ef  these  geometries.  Notice  also  that  although  the  contours  used  arc 
not  square,  they  retain  the  accuracy  of  central  differencing  because  the  correct  near  field 
physics  have  been  build  IntoJbe  integrals. 

Modeling  of  Thin  Cracks 

The  presence  of  a  crack  in  a  thin  dielectric  structure  poses  an  even  greater  challenge 
for  the  FDTD  since  the  field*  in  the  vicinity  of  the  crack  are  highly  nonlinear*  particularly 
the  electric  field.  This  I*  because  the  dmaunant  effect  of  the  crack  is  the  separation  of 
polarisation  charge  across  the  g up  of  the  Crack- 

Figure  5  depicts  a  thin  crack  hi  a  thin  conductor  hacked  dielectric,  embedded  in  an 
FDTD  grid.  A  “brute  force*  FDTD  calculation  (i.c., using  ceil*  small  enough  to  directly 
model  the  dielectric  am!  the  crack)  of  the  elected  field  along  the  air/dielcclrlc  Interface  for 
such  a  gcometryje  shown  in  this  figure.  The  nonlinear  dipole  nature  of  the  field*  generated 
by  the  polarization  charge  is  clearly  seen,  giving  rise  to  the  given  equation  that  describes 
the  electric  field  in  the  vicinity  of  the  crock. 

This  assumed  tangential  electric  field  distribution  equation  incorporate*  linear  term* 
along  both  the  x  and  x  directions,  a*  well  as  a  nonlinear  function  f (x,x)  that  represents 
the  fields  of  the  dipole  charge  distribution  of  the  crack.  It  can  further  be  noted  ilmt  the 
linear  term  in  s  drop*  out  of  the  Ampere’s  Jaw  surface  integral,  and  the  constant*  Ex /, 
and  Ex  hi  ar«  actually  linked  by  the  continuity  of  bound  charge  at  crack  edges.  Thus,  a 
unique  E  field  distribution  is  predicted  by  this  formula  a*  a  function  of  the  slab  and  crack 
dimensions  and  can  be  used  to  model  small  cracks  in  relatively  large  cells.  The  substitution 
of  this  distribution  into  Ampere’*  law  yields  a  simple  field  advance  equation,  applicable  In 
both  two  and  three  dimensional  FDTD  codes. 


Example  Calculations 

Figures  G  and  7  show  time  and  frequency  domain  comparisons  of  plane  wave  scattering 
by  square  dielectric  slabs,  calculated  by  the  "course  grid*  FDTD  method  described  above 
and  physical  optics.  Figure  S  shows  a  Comparison  of  "fine  grid"  and  “course  grid"  FDTD 
formulations  of  a  2D  slab.  Excellent  agreement  is  seen  in  all  cases. 

Figure  9  compare*  “course  grid"  ami  “fine  grid”  FDTD  scattered  field  calculations 
for  a  2D  conductor  backed  dielectric  slab.  Although  the  far  field  RCS  calculations  of  lue 

561 


%  ^ 


“course  grid”  formulation  U  almost  point  for  point  equal  to  the  “fine  grid"  calculations, 
thin  i«  somewhat  due  to  the  fact  that  the  thin  dielectric  haa  little  to  do  with  the  far  field 
scattering.  More  importantly,  the  plot  of  the  near  fields  of  this  geometry  calculated  by 
both  techniques  shows  excellent  agreement,  and  significant  differences  with  the  fields  of 
the  conductor  without  the  dielectric.  This  agreement  is  important  since  if  shows  how  well 
the  fields  within  the  dielectric  can  be  predicted  with  the  “course  grid”  model.  This  kind  of 
accuracy  in  the  near  field  is  mandatory  In  order  for  a  “course  grid”  formulation  of  cracks 
in  these  structures  to  he  possible. 


Summary 

In  this  paper,  we  have  demonstrated  that  thin  dielectric  structures  can  be  modeled 
in  FPTI)  codes  by  simply  changing  the  field  advance  equations  in  only  those  cells  that 
contain  these  structures.  The  agreement  with  both  physical  optics  and  “fine  grid"  FDTD 
formulations  show  that  it  is  not  necessary  to  use  a  spatial  grid  whose  dimensions  arc  small 
with  respect  to  these  features. 
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If  the  near  field  physics  of  the  obstacle  can  be 
predicted,  this  field  behavior  can  be  used  to 
evaluate  the  field  at  the  cell  center  given  its 
integral  over  the  cell. 

Figure  1 
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Advancing  E  Fields  Within 
A  Dielectric  Slab 


Since  the  slab  is  centered  with  respect  to  the 
contour  and  Ex  varies  linearly  throughout  the 
contour,  then 

Central  differencing  In  time  yields: 
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Advancing  H  Fields  Adjacent  to 
A  Dielectric  Slab 


Since  p  Is  uniform  and  Hx  Is  linear, 

$E.cd  . 

The  problem  with  the  contour  Integral  Is  the 
discontinuity  In  Ez. 


Using  this  assumed  behavior  of  Er  yields  a  finite 
difference  expression  for  H}*1/2 

Figure  3 
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Advancing  the  Fields  of  Conductor-backed 
Dielectrics 


•  Ex  at  the  interface  is  found  by  applying 
Ampere's  law  around  the  "deformed"  contour  C1 : 

fH  •  dT  J  eE  •  dS 

c,  St  s 

•  Inside  the  dielectric,  Htan  is  found.using  the 

subceil  within  the  dielectric  and  Faraday's  law 
around  contour  C2: 

^■di=  —  JnH  'dS 

c2  St  S 

•  Central  difference  accuracy  is  retained  because 
E.  &  H  m  become  zero  at  the  conductor 

tan  norm 

surface. 

Figure  4 
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Thin  Crack  Modeling 


Call  Number 

•  The  crack  radically  changes  the  distribution  of 
tangential  E  fields,  but  not  the  H  fields. 


*  Ex  -  Ex*(1+y/d)  +  EXNL#f(x,y)  +Const*x 
where,  f(x,y)  is  the  pattern  function  due  to 

charge  distribution  on  the  crack  walls. 

•  Exl  &  Exnl  are  dependent  because  ps  is 
proportional  to  E  at  the  walls. 

The  Ex  field  above  the  crack  can  be  evaluated  using 

modified  FDTD  equations  that  utilize  these 
assumptions. 


Figure  5 


Conductor-Backed  Dielectric  Slabs  In  2-D 
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Figure  9 
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ABSTRACT 

The  Numerical  Electromagnetic  Code  version  2,  NEC2,  is  a  well  known  Method  of  Moments 
program.  NEC2  demands  expertise  for  its  use  to  ensure  that  results  of  the  evaluation  are  valid.  In 
addition,  the  input  data  Hie  to  the  NEC2  code  is  column  and  row  dependent  which  presents  an 
unfriendly  user  interface.  Tlic  Intelligent  NEC2  Pre-processor,  IMP,  was  written  in  a  modular 
fashion,  using  tlte  Turbo  Pascal  language.  It  constitutes  the  framework  of  a  pre-processor  which 
has  some  built-in  expertise  required  to  use  theNEC2code.  It  may  be  concluded  that  the  'NP  package 
provides  a  suitable  environment  to  model  structures  by  a  user  who  is  unfamiliar  with  the  peculiarities 
ofNEC2. 

INTRODUCTION 

The  Numerical  Electromagnetic  Code,  Version  2,  NEC2  ( 1 }  is  the  well  known  Method  of  Moments 
code  which  analyses  the  electromagnetic  response  of  metal  structures.  Inorder  to  obtain  valid  results, 
the  numerical  and  mathematical  modelling  of  structures  must  obey  a  rigid  set  of  rules  imposed  by 
the  NEC2  code.  In  addition,  the  input  file  which  interfaces  the  NEC2  code  is  row  and  column 
dependent.  This  constitutes  a  user  unfriendly  interface  which  demands  a  high  level  of  expertise  to 
use. 
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The  problem  therefore,  calls  for  the  creation  of  a  pre-processor  which  Has  the  built-in  expertise 
required  for  the  construction  of  an  input  file  to  NEC2.  The  intent  of  this  Intelligent  NEC2 
Pre-processor,  INP,  software  ii  to  keep  the  uier  isolated  from  the  various  constraints  and  limitations 
imposed  by  the  NEC2  code  as  well  as  the  automatic  creation  of  the  input  data  fit  „ 

Many  antenna  engineers  with  years  of  practical  experience  in  the  design  of  antennas  would  now 
be  able  to  obtain  valid  evaluation  results  of  performance  without  having  to  master  the  NEC2  manual 
(l).  This  novice  use  of  NEC2  will  permit  these  users  to  concentrate  on  what  they  do  best. 


INPUT/OUTPUT  BOUNDARIES 
INFORMATION  FLOW 


FIGURE  1:  A  conceptual  model  of  the  1NP  software  package 

INP  is  a  complete  menu  driven  software  package  comprising  of: 

•  An  input  module  which  caters  for  the  data  capture  of  antenna  geometry,  NEC2  program 
control  and  NEC2  input  file  operations. 

•  Graphical  display  of  structures. 
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•  Producer  module  which  coordinate*  and  processes  Input  data  In  accordance  with  NEC2 
rule*  and  constraint*. 

•  Advisor  module  to  provide  the  user  with  program  state  specific  advice  at  any  point  in 
time. 

The  inter-relations  between  these  modules,  as  shown  In  the  conceptual  model  In  figure  1 ,  presents 
a  scope  for  the  adequate  solution  of  the  problem. 

IMPLEMENTATION  OFTHE1NP  SOFTWARE  PACKAGE 

Essentially,  the  INP  software  package  enables  the  user  to  model  structures  and  generate  a  'fault 
free'  input  data  file  to  Interface  to  the  NEC!  code,  'Fault  free’  In  this  instance  implies  both  for 
logical  faults  (data  entry  format)  as  well  as  modelling  faults  (violation  of  NEC2 constraint  and  rules 
of  thumb).  In  order  to  facilitate  a  user  friendly  interface,  a  Screen  Management  Package  12)  was 
utilised  to  create  the  environment  within  which  the  INP  program  executes.  For  the  INP  software 
package  to  be  useful,  the  Input  facilities  are  supported  by  the  presence  of  the  following  modules: 

Graphical  display:  To  enable  graphical  display  of  the  structure. 

Producer:  To  keep  the  user  Isolated  front  indirectly  related  computations 

concerning  the  structure  being  modelled  and  to  construct  the  Input  data 
file  which  is  to  interface  the  NEC2  code. 

Advisor:  To  ad  vise  the  user,  upon  request,  at  any  point  in  time,  providing  general 

infonnatlon  concerning  the  NEC  manual  as  well  as  past  event 
dependent  advice. 

The  purpose  of  the  input  routines  is  to  facilitate  data  capture  of  the  different  specifications  of  the 
structure  to  be  evaluated.  This  is  carried  out  In  a  user  friendly  manner  where  the  user  is  presented 
with  menu  options  and  is  prompted  for  input.  The  input  is  then  processed  by  the  Producer  where 
transformation  of  this  information  into  the  input  data  file  to  NEC2  is  performed. 

In  this  section  the  concepts  of  the  graphical  display,  (he  Producer,  and  the  Advisor  arc  discussed 
and  the  hierarchical  implementation  of  the  INP  software  package  is  outlined. 

Tht  Graphical  Display: 

An  effective  way  to  presents  structure  is  in  graphical  form.  The  motivation  of  the  need  of  a  graphical 
display  emerges  from  the  recognition  of  die  need  to  reassure  the  user  that  the  structure  geometry 


being  modelled  for  simulation,  using  the  NGC2  code,  is  in  fact  comedy  specified.  Ideally,  it  would 
be  desirable  to  view  the  top,  side  and  from  views  of  the  structure  as  well  as  its  three  dimensional 
representation. 

Currently,  the  graphical  display  f/icility  is  able  to  present  top,  front  and  side  views  of  straight  wires 
and  their  associated  loads  specified  by  the  user.  I  towever,  due  to  the  modular  fashion  with  which 
this  software  is  implemented,  an  improved  visual  representation  of  structures  can  be  realised  without 
effecting  the  program  performance. 

Tht  Pnductr: 

The  basic  devices  for  modelling  structures  with  the  N  EC2  code  are  few  and  simple,  namely  straight 
segments  and  patches.  Nevertheless,  it  is  the  proper  choice  of  these  devices  which  determine  the 
accuracy  of  simulation  results.  Wire  and  surface  modelling  involves  both  geometrical  and  electrical 
factors,  to  comply  with  the  NEC2  code  numerical  techniques  and  algorithm  dependent  constraints. 

As  previously  stated,  the  primary  objectives  of  the  INP  software  package  arc  to  enable  structure 
modelling  and  to  produce  an  input  data  file  to  interface  the  NEC2  code.  This  must  be  achieved  in 
such  a  way  as  to  keep  the  user  completely  detached  from  the  complexity  involved  with  modelling. 
The  user  may  therefore  be  confined  to  the  coordinate  system  only.  At  first,  this  may  be  seen  as  an 
extraction  of  the  power  possessed  by  the  NEC2  code.  Nonetheless,  this  modelling  power  is  retained 
by  the  editing  facilities. 

The  objectives  of  the  Producer  module  are  therefore: 

•  To  automatically  perform  segmentation  of  wires  and  allocate  them  with  a  tag  number 
for  identification  purposes,  as  required  by  the  NEC2  code. 

•  To  convert  coordinate  specifications  to  their  corresponding  segments  and  patches. 

•  To  check  for  violation  of  any  of  the  modelling  constraints  wether  these  arc  NEC2 
constraints  or  other  rule  found  by  users. 

•  To  produce  and  maintain  the  input  data  file  to  NEC2,  which  comprises  the  deck  of  cards, 
subject  to  the  various  modelling  constraints  imposed. 

In  effect,  the  Producer  is  the  principle  coordinator  of  the  INP  software  package,  and  any  input 
made  by  the  user  is  processed  by  this  module. 

Tht  Advisor: 

The  user  function  is  to  describe  an  antenna  and  its  environment  and  to  request  computation  of 
antenna  characteristics.  The  INP  software  package  is  configured  in  such  a  way  as  to  allow  free 
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access  to  ail  menu  options  at  ail  times.  Each  menu  option  has  a  specific  intent  in  specifying  the 
mode)  feature*.  The  process  of  specifying  the  different  parameters  demands  some  background 
knowledge  which  the  user  may  not  have.  In  addition,  the  unfamiliar  user  may  attempt  to  specify 
parameters  in  an  irrational  manner  or  order.  For  example,  specifying  a  request  for  radiation  pattern 
before  any  geometry  is  specified  is  analogous  to  an  attempt  to  place  an  item  on  a  table  which  does 
not  exist  In  such  event,  the  Producer  will  detect  and  resolve  the  misdeed  but  without  a  comprehensive 
elaboration  on  the  nature  of  the  blunder. 

The  objective  of  the  Advisor  module  is  therefore  to  cater  for  on  •’Lie  help  Files.  These  help  files 
provide  general  information  concerning  the  various  features  of  toe  program  and  modelling 
specifications  which  are  program  position  dependent  Also,  in  the  event  of  erroneous  proceedings 
a  comprehensive  explanation  of  the  nature  of  the  oversight  is  made  available.  This  feature  is  program 
stale  dependent  (context  sensitive)  which  aiso  account  for  previous  inputs. 

The  INF  Program  Hierarchy: 

A  descriptive  manner  in  which  the  project  hierarchy  can  be  presented  is  by  means  of  a  block  diagram 
representation,  as  shown  in  figure  2.  This  outlines  the  main  menu  options  indicating  the  various 

modelling  features  provided  by  die  NEC  code  to  be  utilised  by  the  antenna  engineer.  These,  together 
with  input  and  output  file  handling  for  Stonge  purposes,  as  well  as  editing  facilities,  gnphlcal 
display  and  the  presence  of  the  Advisor  and  the  Producer  as  illustrated  in  figure  1  above,  provide 
inclusive  categorisation  of  the  1NP  software  package  as  a  whole. 
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THE  CHOICE  OF  PROGRAMMING  LANGUAGE  AND  THE  SCOPE  FOR 
BUILT-IN  INTELLIGENCE 

Tht  Chokt  Of  rr*gMmmi*g  Ungmgt 

The  amount  of  dais  storage  requirements  throughout  the  execution  of  the  INP  program  is  not  fixed. 
This  calls  for  dynamic  data  structures  which  change  in  sire  during  the  program  execution.  These 
provide  an  ekgant  and  efficient  means  to  insert  and  delete  components  without  worrying  about 
where  new  components  fit  or  what  happens  to  the  empty  space  left  by  a  deletion. 

A  versatile  graphics  library  is  the  Turbo  Graphix  Toolbox  |3},  which  was  used  for  the  development 
of  graphical  displays  implemented  In  this  project.  In  addition,  the  Screen  Management  Package  (2) 
which  constitutes  the  menu  driven  outer  shell  within  which  the  INP  program  executes  was  also 
written  in  TUrbo  Pascal. 

These  considerations  led  to  the  choice  of  using  Turbo  Pascal  [4]  as  a  programming  language. 

Why  Not  Expert  System  ? 

The  expert  system  consists  of  a  knowledge  base  and  an  inference  engine.  The  knowledge  base 
contains  facts  and  rules  indicating  how  the  facts  are  inter-related.  The  inference  engine  is  a  control 
mechanism  inferring  information  from  the  knowledge  base  by  selection  of  the  rule  to  be  used  and 
at  which  point  in  time  it  should  be  used.  Unlike  conventional  computer  programs,  the  expert  systems 
have  no  algorithmic  solutions  and  often  a  conclusion  is  based  upon  uncertainty  or  incomplete 
information  (5J. 

The  power  behind  expert  systems  Is  that  they  provide  a  regimen  for  expert  knowledge  to  be  codified, 
and  in  that  knowledge  lies  the  power.  Domain  knowledge  is  processed  in  a  strict  order  of  deductive 
inference  and  execution  occurs  once  only.  Expert  systems  can  have  both  deep  and  surface  (also 
termed  shallow)  representation  of  knowledge.  Deep  representations  are  casual  models,  categories, 
abstractions  and  analogies,  where  an  understanding  of  structures  and  their  functions  is  represented. 
Surface  representations  are  empirical  associations  of  rules  and  facts  [5]. 

A  prerequisite  for  employing  an  expert  system  for  this  purpose  is  its  capabilities  to  couple  numeric 
and  symbolic  computation  in  in  iterative  fashion.  This  would  require  an  intelligent  front  end  system 
for  numerical  processes,  which  is  required  to  be  a  deep  coupled  system  [6]  and  this  is  unfortunately 
not  yet  available. 
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Numerical  Modelling  Constraints  And  limitations 

In  this  section,  constraints  associated  with  the  use  of  the  NHC2  code  arc  highlighted  (!].  It  is  not 
the  purpose  of  this  paper  to  cover  all  the  modelling  constraints  which  arc  imposed  by  die  NEC2 
code  but  only  to  highlight  a  cross  section  of  them.  This  is  carried  out  in  the  hope  of  conveying  the 
complexity  which  is  involved  with  structure  modelling.  The  Producer  In  1NP  checks  for  these 
constraints,  informs  the  Advisor,  and  either  corrects  or  rejects  input  accordingly. 

In  NEC2,  a  segment  length  should  be  less  than  0.1  of  a  wavelength  and  greater  than  0.001  of  a 
wavelength  at  the  desired  frequency  of  analysis.  The  built-in  expertise  of  the  pre-processor  Producer 
module  will  therefore  divide  the  wire  into  segments  according  to  this  10:1  rule. 

The  Method  of  Moments  technique  used  considers  only  current  How  in  die  axial  direction  on  a 
segment.  The  acceptability  of  these  approximations  is  dependent  on  the  wire  radius  such  that  unless 
the  ratio  of  wire  radius  to  wavelength  is  much  iess  than  1-2,  the  validity  of  these  approximations 
is  questionable. 

The  accuracy  of  the  numerical  solution  for  axial  currents  is  also  dependent  on  the  ratio  of  segment 
length  to  wire  radius.  This  ratio  must  be  greater  than  8  in  order  to  achieve  errors  of  less  than  ! 
percent,  using  the  standard  thin  wire  kernel,  and  may  be  as  small  as  2,  if  the  extended  thin  wire 
kernel  is  used. 

Segments  are  treated  as  connected  when  the  reparation  of  their  ends  is  less  than  0.001  times  the 
length  of  the  shortest  segment. 

Maintenance  of  current  continuity  across  wire  junction  presents  another  limitation  since  antennas 
with  short  sections  of  wire  coupled  to  long  ones  require  exceedingly  large  number  of  segments  to 
be  analyzed  [7].  Kubina's  rule  of  thumb  states  that  "The  restriction  on  the  relative  length  of  segments 
that  form  a  junction,  require  that  there  lengths  be  comparable  within  a  factor  of  five"  [8]. 
Furthermore,  the  number  of  wires  joined  at  a  single  junction  cannot  exceed  30  due  to  a  dimension 
limitation  in  the  NEC2  code. 

A  conducting  surface  is  modelled  by  means  of  multiple,  small  flat  surface  patches  corresponding 
to  segments  used  to  model  wires.  The  pitches  are  specified  such  that  they  cover  the  entire  surface 
to  be  modelled.  The  parameters  defining  a  surface  patch  are  the  cartesian  coordinates  of  the  patch 
centre,  the  component  of  the  outward  directed  unit  normal  vector  and  the  patch  area. 
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For  accuracy  of  results,  a  minimum  of  25  patches  per  square  wavelength  of  surface  area  should  be 
used  and  the  maximum  size  of  an  individual  patch  should  not  exceed  0.04  square  wavelengths. 

Since  the  division  of  current  between  two  overlapping  segments  or  patches  is  indeterminate, 
segments  or  patches  may  not  overlap. 

The  radius  of  tapered  wires  may  not  chan  ge  drastical  ly  since  a  large  radius  change  between  connected 
segments  may  decrease  accuracy.  This  rule  particularly  applies  where  the  ratio  of  segment  length 
to  radius  is  small. 

A  segment  must  exist  at  each  point  where  a  network  connection  or  voltage  source  will  be  positioned. 
This  constraint  is  imposed  so  that  voltage  drop  can  be  specified  as  a  boundary  condition. 

Finally,  the  order  in  which  the  various  cards  are  specified  must  obey  some  rules  which  areimperative 
for  a  successful  run  of  the  NEC2  code.  Generally,  the  card  deck  begins  with  cards  containing 
comments  made  by  the  user.  These  are  followed  by  geometry  data  cards  specifying  the  geometry 
of  the  antenna  and  thereafter  the  program  control  cards,  specifying  electrical  parameters  and  requests 
for  the  computation  of  antenna  characteristics. 

New  rules  of  thumb  are  emerging  ail  the  time  and  should  be  implemented  as  they  come  forth. 
Generally,  modelling  of  structures  subject  to  the  various  constraints  will  be  coordinated  by  the 
Producer  which  at  worst  will  reject  the  user  specification  and  thereafter  the  Advisor  will  provide 
an  explanation  and  advice. 

AN  EXAMPLE  OF  USE 

in  order  to  illustrate  the  manner  in  which  the  JNP  program  should  be  used  to  produce  the  input  file 
to  KEC2,  consider  the  High  Frequency  (I  IF)  broadband  antenna  due  to  Givati  and  Clark  (9).  This 
antenna  is  shown  in  figure  3  below. 
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FIGURE  3:  The  I  it7  broadband  amenna  due  10  Civati  and  Dark 


In  gencnl,  structural  should  be  modelled,  according  to  figure  2,  by  (indy  specifying  the  Amenna 
Geometry,  then  the  Inputs  Control  options  and  finally  the  specification  of  Outputs  Control.  The 
above  antenna  was  modelled  using  the  INP  program  as  follows: 

«  Straight  wires  were  specified  in  terms  of  cartesian  coordinates  as  shown  in  figure  3 
above. 

•  The  various  loads  were  specified  on  all  arms  using  the  Lumped  Loads  menu  option. 
Theae  loads  are  placed,  by  the  Producer,  in  the  closest  segment  to  its  specified  location. 

•  A  Ground  plane  was  stipulated. 

•  Frequency  sweep  at  5MHz,  10MHz  and  15MHZ  was  specified.  The  Producer  then 
generates  three  differently  segmented  models  for  the  different  frequency  bands.  This 
enable  the  simulation  of  the  antenna  over  the  High  Frequency  band  (2Mhz  to  30MHz) 
and  saves  on  computer  lime  since  the  optimum  number  of  segments  ate  used  at  each 
frequency. 

•  The  type  of  excitation  and  its  magnitude  was  then  stipulated  using  the  Excitation  menu 
option 

•  Finally,  a  request  for  Radiation  Pattern  was  specified. 
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The  output  il  >b c  input  daw  file  to  interface  the  NGC2  code.  This  output  file  has  a  normal  ASClt 
format  and  can  be  used  to  execute  NEC2.  In  addition,  a  second  file  is  created  in  a  different  format 
for  storage  purpose*. 

CONCLUSION 

An  attempt  has  been  made  to  create  yet  another  intctfacc  to  the  NEC2  code  which  is  so  widely  used 
today.  This  pre-processor  to  NEC2  caters  for  the  antenna  engineer  who  is  unfamiliar  with  the  various 
constraints  and  limitations  imposed  by  the  NEC2  code. 

Even  for  a  user  who  is  familiar  with  the  NEC2  code,  the  1NP  software  package  may  prove  to  be  a 
convenient  tool  for  complex  structures  generation  and  perhaps  paniai  isolation  from  the  crude  form 
of  interface  which  is  the  input  file  to  NEC2. 

The  INP  software,  to-date,  is  by  no  means  finalised  and  perhaps  will  never  be,  as  ntore  expertise 
for  the  use  of  NEC2  arc  acquired  all  the  time.  There  is  room  for  all  these  to  be  built  Into  the  INP 
code.  More  suggestions  for  further  work  include  the  development  of  a  higher  level  antenna  design 
module  which  is  able  to  interface  the  INP  software.  This  module  should  Include  a  library  of  design 
algorithms  of  known  antenna  structures  which  would  then  be  transformed  by  the  INP  code  into  a 
file  suitable  for  the  cxccudon  of  NEC2.  These,  together  with  the  NEC2  code  and  a  post-processing 
package  possess  a  potential  for  a  complete  computer  aided  design  tool  for  antennas. 
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1  Abstract 


The  concept  of  emulating  an  electrically  thW*  structure  by  shin  wire  vestigial  emulation  is  well 
known.  It  is  often  useful,  however,  to  investigate  the  properties  of  a  simpler,  ..ticker,  structure  model 
in  preference  to  a  thin  wire  cage  model  as  this  Is  typically  less  computationally  intensive.  The 
validity  of  adopting  this  simplified  approach  to  antenna  design  was  tested  using  the  Method  of 
Moments  Code  NEC?.  Applying  the  method  of  the  Geometric  Mean  Radius,  a  thick  single  wire 
model,  t2  wire  flat  model  and  a 4  wire  cage  model  of  the  same  antenna  were  designed  and  evaluated 
wills  NEC,  The/;  models  were  excited  by  she  current  slope  discontinuity,  and  the  applied  E-Reld 
source.  It  Is  shown  that  the  emulation  approach  outlined  is  valid  for  both  source  types,  with  a 
resultant  significant  reduction  in  computation  time.  However,  the  applied  £*Fkld  source  model 
produces  results  that  corteto  to  measured  results,  whereas  tlte  current  slope  discontinuity  sourec 
model  docs  not.  It  is  also  shown  that  the  wife  length  of  the  thick  wire  model  must  include  the  length 
of  any  bends  in  the  thin  wine  structure. 

2  Background 

Evaluating  typical  broadband  IIP  antennas  using  NEC!  11}  presents  a  unique  set  of  problems,  as 
ihcscantcnnasoftcnopcrateovcra  15:1  frequency  bandwidth  (2-30  Ml  U).  Thus  thcyarc electrically 
short  at  the  low  frequencies  (about  a  half  wavekngth  long),  and  electrically  long  at  the  higher 
frequencies  (about  6  wavelengths  long). 

To  assist  in  achieving  such  a  wide  bandwidth,  these  antennas  are  made  to  be  electrically  thick,  as 
It  is  well  known  that  a  thicker  structure  1$  more  inltercntly  broadband  than  a  thin  structure  (as  a 
result  of  a  lower  Q),  and  that  this  Is  usually  implemented  as  a  cage  structure  of  thin  wires,  spaced 
apart  to  emulate  a  thicker  structure.  (2) 
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Unfortunately  the  length  ©f  computational  time  faulted  to  evaluate  an  antenna  In  Nl:C2  is 
essentially  proportional  to  the  s*ieare  of  the  number  of  wavelengths  of  wire  In  the  antenna  (or  even 
cubed  if  the  antenna  is  large  enough  for  the  impedance  matrix  solution  tenn  to  take  precedence  over 
the  matrix  fitl  term). 

It  is  therefore  desirable  to  be  able  to  reduce  the  structure  to  a  single  thicker  wire  NEC2  model,  as 
this  wilt  clearly  greatly  reduce  computational  effort.  Once  the  trends  have  been  noted,  and  the 
antenna  optimised  for  a  certain  Set  of  criteria,  a  full  NEC2  thin  wire  emulated  model  can  be  used 
for  the  final  results. 

It  is  this  approach  that  isdiscussed  and  validated  In  this  paper. There  are  essentially  two  main  aspects 
to  be  considered,  namely: 

«  what  the  wire  length  of  the  single  thick  wire  should  be,  If  the  origins!  thin  wire  antenna 
contains  bends,  and 

•  which  source  model  should  be  used, 

3  Wire  length 

The  problem  can  be  illustrated  b)  considering  the  ubiquitou,  Australian  Dipole  (3),  illustrated 
below. 


Figure  I:  The  Australian  Dipole. 

It  can  be  seen  that  the  wire  length  from  the  feed  point  to  the  load  connection  point  is  significantly 

longer  than  the  linear  length  12.2  m,  as  t,  Includes  the  length  of  the  bends  in  the  wire,  and  similarly 
with  /;,  the  length  of  wire  from  the  load  to  the  end  of  the  antenna.  Considering  the  section  of  wire 


from  the  feed  10  the  load,  the  question  is  whether  to  make  that  wire  in  the  single  thick  wire  model 
as  long  as  the  linear  length  (12.2ni)  or  the  wire  length  (/t)  in  order  to  achieve  accurate  results.  A 
seful  experiment  has  been  conducted  by  Austin  A  Fburic  [4J  In  this  regard,  and  whose  results  are 
«wn  in  figure  2  below. 


Figure  2:  The  effect  of  a  bend  on  the  resonant  length  of  a  wire. 

The  experiment  was  performed  with  HEC2,  ami  involved  examining  the  resonant  length  of  a  piece 
of  wire  If  the  top  section  was  bent.  1  lere  ft,  is  a  fixed  length  of  1  m,  and  the  angle  6  is  varied  front 
0  to  1 80®.  The  top  section's  length  is  stepped  through  0.1  m,  0.3m,  and  0.5nt.  The  results  show  that 
the  length  at  which  the  bent  wire  resonates  is  that  at  which  the  sum  of  the  two  lengths  resonate 
(/ti +h-J).  This  holds  for  up  to  a  90®  bend  in  the  wire,  and  fsr  length  ratios  (VW  shown.  As  the 
angle  increases,  the  resonant  length  tends  to  ft,. 

Thus  the  correct  value  to  use  for  the  feed-io-load  section  of  the  Australian  Dipole  shown  in  Figure 
I,  is  /,(=  14.64m)  and  not  12.2m,  which  is  a  significant  difference  in  the  frequency  at  which  this 
wire  will  resonate. 
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4  Source  Type 

Most  l  IF  dipole  antennas  arc  symmetrical  In  nature,  awl  this  is  often  exploited  in  their  evaluations 
by  the  symmetry  plane  feature  offered  in  NEC2.  This  feature  reduces  computation  time  by  a 
significant  amount  and  is,  as  a  rule,  employed  wherever  possible. 

There  are  two  source  models  in  NEC2  that  are  of  interest,  tltc  Current  Slope  Discontinuity  model 
(source  type  5),  and  the  Applied  E-Field  model  (source  type  0). 

The  excitation  produced  by  the  Current  Slope  Discontinuity  model  Is  located  at  the  first  end  of  the 
segment  In  which  it  is  specified,  and  hence  the  excitation  is  ideal  for  use  at  a  plane  of  symmetry. 
The  conditions  for  the  application  of  this  source  model  state  that  the  abutting  segment  should  be  of 
the  same  length  and  radius,  which  is  obviously  met  in  a  symmetry  plane, 

Hie  excitation  produced  by  an  applied  E-Field  source  model  (type  0),  however,  cxeites  the  centre 
of  the  segment  in  which  it  is  specified,  and  should  this  model  be  vised  in  a  segment  abutting  on  a 
symmetry  plane  (but  not  penetrating  the  plane),  the  excitation  on  the  structure  will  be  offset  by  a 
half  segment  length,  and  thus  will  not  be  correctly  placed  at  the  symmetry  plane. 

The  following  investigation  shows,  however,  that  the  better  source  nxxlcl  to  use  is,  In  fact,  the 
applied  E-field  model  (type  0),  assuming,  of  course  that  the  half  segment  offset  5s  not  nx>  large.  A 
single  thick  wire  model  of  a  multiple  landed  antenna  (51  was  used  in  this  Investigation,  each  dipole 
arm  being  33.75m  long,  with  a  0.1 3m  radius.  Ic  tt  thickness  factor  (fi)  of  12.5,  where 

<0 

where:  a  is  die  radius  of  the  wire,  and 

h  is  tltc  length  of  one  dipole  arm. 

The  physical  untenna,  in  its  two  wire  emulated  form,  is  shown  in  Figure  3. 

The  NEC2  results  of  a  single,  thick  wire  model,  excited  by  the  two  different  source  models  are 
shown  in  Figure  4,  together  with  a  set  of  measured  results  for  comparison.  The  measured  results 
used  in  the  investigations  were  obtained  with  an  HP  4815A  RF  Vector  impedance  Meter,  on  the 
two  wire  implementation  of  this  antenna  shown  in  Figure  3,  configured  in  a  sloping  vcc  on  a  12m 
mast. 
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Figure  3:  An  IIF  Broadband  Antenna,  after  Clark  &  Glvatl.  (5) 

From  Figure  4  it  is  clear  that  the  applied  E-Field  source  VSWR  results  (the  source  0  legend)  ate 
far  closer  to  the  measured  results  than  the  current  slope  discontinuity  source  results  (the  source  5 
legend).  One  must  tltercfore  conclude  that  it  Is  imperative  to  use  the  applied  E-Field  source  model 
in  this  application. 
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Figure  4:  Thick  wire  model  VSWR  results,  measured  vs  source  0  and  source  5. 


5  Emulation  Method  Verification 

This  investigation  shows  that  results  can  be  produced  from  a  single  thick  wire  structure  which 
correlate  well  with  those  obtained  by  the  2  and  4  wire  structures.  The  correct  dimensions  for  the 
multiple  wire  structures  were  derived  by  the  theory  of  the  Geometric  Mean  Radius  (GMR)  (6), 
which  states  that  the  GMR  of  a  bundle  of  n  identical  conductors,  spaced  symmetrically,  is  given 
by: 


GMR 


-■'FWi 


rm-c  a 


(2) 

(3) 


where:  fl  is  the  product  of  all  distances  from  one  conductor  in  the  group  to  all  the  others  in  the 

tot 

group.  (Since  we  have  made  the  simplifying  assumption  that  symnretry  exists) 


r„  is  the  geometric  mean  radius  of  a  single  conductor 
p,  is  the  relative  permeability  of  the  conductor 
«  is  the  actual  radius  of  a  conductor. 

Assuming  non  ferrous  conductors,  the  *****  term  in  Equation  (3)  has  been  shown  to  haw  little  effect 
on  the  final  emulation  results,  and  the  r*  can  be  taken  to  be  the  actual  radius  of  the  conductor.  As 
n  increases,  die  effect  becomes  even  less. 

Using  this  method,  a  two  wire  flat  model,  ami  a  four  wire  cage  model  were  designed,  aitd  run  on 
NEC2.  In  the  case  of  the  A  wire  model,  the  results  are  obtained  up  to  16  MHx  only  as  higher 
frequencies  demand  too  much  space  (ami  time)  on  a  personal  computer.  The  N0C2  results  arc 
shown  in  the  figures  below. 


Figure  5:  Source  0  results  for  1, 2,  and  4  wire  models  of  (he  antenna,  and  (he  measured 

results. 
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Figure  <5:  Source  5  results  for  1, 2,  and  4  wire  models  of  (he  antenna. 

figure  5  and  6  show  that  the  1 , 2,  and  4  wire  emulations  of  the  antenna  have  very  reasonable  VS  WR 
correlation  for  both  source  models,  and  thus  the  evaluation  method  outlined  can  be  employed.  It 
can  also  be  seen  that  the  two  source  models  do  not  produce  similar  results  and  as  is  dear  from 
Figure  5,  the  source  0  results  track  favourably  with  the  measured  results  for  this  antenna,  whereas 
the  source  5  results  do  not. 

figure  7  shows  the  efficiency  results  produced  by  NEC  for  all  emulations  of  the  antenna,  and  both 
source  types.  It  can  be  seen  that  the  results  all  tend  to  bunch  together,  except  the  trace  above  and 
below  the  bunch.  It  should  be  noted  that  both  of  these  errant  traces  are  produced  by  the  source  type 
5. 

Thus  again  it  is  seen  that  the  emulation  method  can  be  applied  with  a  reasonable  degree  of  accuracy, 
but  that  source  0  must  be  used  if  realistic  results  are  to  be  achieved. 


591 


Figure  7:  Efficiency  results:  Alt  emulations  and  source  types. 

6  Conclusions 

•  A  method  of  evaluating  a  multiple  thin  wire  antenna  using  «  simpler  single  thick  wire  model 
in  NEC2  has  been  discussed,  and  validated.  The  results  of  the  various  emulations  of  the 
antenna  are  sufficiently  similar  to  warrant  its  use,  as  the  advantage  to  be  gained  by  using  this 
method  is  a  major  computational  time  saving,  especially  in  optimization  investigations. 

•  The  NEC2  source  type  5,  the  current  slope  discontinuity  source  model,  seems  to  produce 
erroneous  results.  This  was  investigated  only  when  placed  at  a  plane  of  symmetry.  It  has  been 
shown  that  the  simple  substitution  of  source  type  0,  the  applied  E*Field  source,  in  its  place, 
even  though  this  docs  not  result  in  an  exact  placement  of  the  source,  produces  results  which 
correlate  to  the  measured  results. 

•  The  resonant  length  of  a  bent  wire  is  that  of  the  actual  length  of  wire.  This  holds  up  to  an 
angle  of  90”,  and  for  a  bent  section  of  up  to  half  the  length  of  the  unbent  section.  It  is  important 
to  use  this  length  in  the  thick  wire  models  for  NEC2. 
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ABSTRACT 

Tho  purpose  of  this  study  was  to  determine  1  recent  Improvements  In  the  computing  power  of 
Personal  Computers  (PCs)  have  made  them  t  viable  alternative  to  the  larger,  multi-user  oriented  computers, 
better  known  as  mainframes.  The  Numerical  Electromagnetics  Code  (NEC3).  a  10.000  line  Fortran  program, 
was  downloaded  from  the  Naval  Postgraduate  School's  IBM  3033AP  mainframe  and  Implemented  on 
various  PC  systems.  The  systems  considered  were  the  IBM  RT  PC  (using  IBM  RT  PC  VS  FORTRAN),  a 
Definicon  OSI-790  Coprocessor  Board  (using  SV5  FORTRAN),  and  a  Compaq  Deskpro  386/20  AT  PC  (using 
NDP  FORTRAN-386).  Using  NEC3  example  problems,  comparts  ions  of  speed  and  accuracy  were  made 
between  the  PCs  and  the  mainframe. 

Results  show  that  the  Compaq  Deskpro  386/20.  with  a  Weitok  1 167  math  coprocessor,  using 
MicroWa/s  NDP  FORTRAN-366  (32  bit  Fortran  compler).  can  be  used  to  implement  NEC3  on  a  PC. 
Ptrformance  times  (or  the  Deskpro  (w/1 167)  were  only  20%  lo  25%  slowor  than  tho  mainframe's.  Due  lo 
the  Weltek's  Internal  accuracy  (singla  precision),  solutions  of  the  NEC3  examples  were  com  para  bio  to  the 
mainframe’s  only  lor  simple  problems.  As  the  complexity  of  the  NEC3  problems  Increased,  the  error  due 
to  the  Weltek's  single  precision  calculations  also  increased. 

I.  INTRODUCTION 

Within  the  last  lew  years,  the  scientific,  Industrial,  and  educational  communities  have  become 
Increasingly  dependent  on  the  use  of  Personal  Computers  (PCs).  Although  word  processing,  data  base 
management,  and  other  ifJity  programs  have  fueled  this  PC  explosion,  recent  Incroasod  In  CPU  (Central 
Processing  Unit)  dock  speeds  and  the  Improvement  of  math  coprocessors  have  incroasod  the  computational 
capabiitles  of  PCs  to  impressive  levels.  These  improvements  now  make  the  PCs  capable  o I  handling 
numerically  intensive  programs  usually  reserved  lor  larger  computer  systems,  often  referred  to  as 
mainframes. 

The  objective  of  the  study  was  to  determine  whether  or  not  a  Urge  mainframe  dependent  program, 
specifically  the  Numerical  Electromag  antics  Code  (NEC3),  can  be  Implemented  on  a  PC.  The  PC  systems 
to  be  considered  are  an  IBM  RT  PC  (work  station),  a  Definicon  DSI-780  Coprocessor  Boerd  (mounted  In  an 
IBM  competifcli  AT/386),  and  a  Compaq  Deskpro  386/20  AT  PC  (with  Inlei  80387  and  Waitak  1 167  math 
coprocessors). 

NEC  was  originally  developed  at  Lawrence  Livermore  National  Laboratory.  Livermore.  California, 
under  the  sponsorship  of  the  Naval  Ocean  System  Center  and  Air  Force  Weapons  Laboratory.  This  program 
Is  an  offspring  of  the  Antenna  Modeling  Program  (AMP)  written  In  the  early  1970’s  by  MBAssodates  for  the 
Naval  Research  Laboratory,  Naval  Ships  Engineering  Center,  U.S.  Anny  ECOM/Communication  Systems. 
U.S.  A/my  Strategic  Communications  Command,  and  Rome  Air  Development  under  the  Naval  Rasearch 
Contract  NOOOM-71-C-OI87.  NEC3,  the  current  version  of  NCC.  was  developed  by  G.  J.  Surke  o I  Lawrence 
Livermore  Laboratory. 

NEC3  is  an  antenna  modeling  program  dasigned  to  handle  a  wide  range  of  antenna  structures.  This 
makes  it  ideal  for  use  in  the  miltary  due  to  the  numerous  structures  (e.g..  ships  and  vehicles)  used  to 
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support  intern**.  The  code  Itself  is  heovfy  dependent  on  numerical  integration  and  often  pushes  the 
computer's  abJJy  to  calciiste  accurate  data.  NEC3.  written  In  standard  Fortran  77.  is  approximately  tO.OCO 
lines  long  and  incorporates  over  60  subroutines. 

NEC  was  previously  converted  to  a  PC  by  Stephen  P.  Limoni.  Each  subroutine  had  to  be 
separately  com  pled,  and  modifications  to  the  code  were  made  in  order  (or  NEC  to  run  in  the  PC  DOS  pis  it 
Operating  System)  environment  Due  to  the  limited  in-core  memory  (640K).  execution  times  were  not  last 
enough  to  justly  running  NEC3  on  a  PC  However,  recent  advance!  In  both  hardware  and  software  now 
make  it  wcrthwhle  to  Investigat*  using  a  PC  as  an  alternative  to  the  mainframe. 

II.  SYSTEM  HAROWARE  AND  SOFTWARE  CONFIGURATIONS 

The  computer  systems  used  in  this  experiment  indude  an  IGM  RT  PC,  a  Defmicon  DSI-700 
Coprocessor  Board,  a  Compaq  Desk  pro  196/20  PC.  and  the  Naval  Postgraduate  School'  a  IBM  3033AP 
Mainframe.  The  IBM  RT  PC*  Compaq  Desk  pro  366/20.  and  IBM  3033AP  are  luBy  independent  computer 
systems.  The  OSI-760  however,  does  require  the  power  supply  and  Inpul/oiKptA  p/O)  capacities  of  an  IBM 
AT  PC  compatible  host  Each  of  these  systems  requires  unique  software  In  order  to  comple  and  execute 
Fortran  programs  such  as  NEC!  and  SOMNTX 

Since  the  locus  of  this  research  la  on  the  PC  wo-td.  the  hardware  and  software  descriptions  of  the 
IBM  3011AP  Mainframe  w3l  not  be  Indudod.  Performance  times  of  the  mainframe  compared  to  the  other 
systems  wit  be  daisied  in  Section  IV. 

A.  IBM  RT  PC 

The  IBM  RT  PC  is  an  advanced  computing  system.  Operating  under  a  version  of  UNIX,  the  IBM 
Advanced  Interactive  Executive  Operating  System  (A1X).  the  RT  PC  is  i  miitl  user  end  mtill  tasking  capable 
computer.  It  uses  e  32  bit  RISC  (Reduced  Instruction  Set  Chip)  processor  and  a  40U  virtual  memory 
manager.  The  RT  PC  is  avalable  in  various  configurations;  the  system  used  (or  this  resesrch  is  t  Model  1 25. 
It  comes  sUndard  with  an  Advanced  Processor  Card,  a  NS32081  Floating  Point  Accelerator  Card.  4  Mbytes 
of  32  bit  memory,  e  1.2  Mbyte  (loppy  disk  drive,  end  e  70  Mbyte  feed  disk  drive  Installed  options  indude 
a  second  70  Mbyte  fixed  disk  drive,  end  a  360  Kbyte  floppy  disk  drive.  The  monitor  used  Is  an  IBM  6154 
Advanced  Color  Graphics  Display. 

IBM  RT  PC  VS  FORTRAN  is  a  powerful  and  rather  extensive  programming  pachsge.  Some  of  tho 
most  important  (oaturos  Indude. 

•  Source  compatibility  with  ANSI  Standard  FORTRAN  77. 

•  Optimised  executable  code. 

•  No  significant  limit  on  program  or  data  size. 

•  Variety  of  compie  time  options. 

The  most  Important  features  required  to  compie  and  run  NEC3  are  standard  Fortran  77  compatibility 
and  the  ablity  (or  virtually  unlimited  program  or  data  size.  The  limiting  (actor  (or  (he  program  or  data  size 
Is  simply  the  amount  of  memory  Installed  In  the  system.  Because  VS  FORTRAN  operates  in  the  UNIX 
environment,  the  640  Kbyte  addressable  memory  limit  that  is  encountered  on  most  ISM  PCs  and 
compatibles  does  not  occur.  The  larger  avalabf*  memory  allows  a  program  the  size  of  NEC3,  which  has 
over  10.000  tines  of  source  code  and  over  80  subroutines,  to  be  compied  in  one  large  program.  The  single 
program  eliminates  the  need  to  Individually  comple  and  link  each  of  the  subroutines,  thereby  making  the 
code  more  efficJerit. 

B.  DEF1NICON  DSI-780  COPROCESSOR  BOARD 

The  Defmicon  Coprocessor  is  an  accelerator  board  lor  the  IBM  PCs  end  compatibles.  Available  in 
various  configurations,  the  model  DSI-780  Is  used  (or  this  research.  The  significance  of  this  model  number 
is  directly  related  to  the  board's  computational  performance.  The  780  in  the  model  number  signifies  that 
the  DSI-780  emulates  the  capabilities  of  a  VAX-780  computer.  The  DSI-780  ti  buit  around  Motorola's 
MC68020  32  bit  CPU.  a  32  bit  data  bun.  an  MC6888 1  Floating  Point  Math  Coprocessor,  and  4  Mbytes  of  32 
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bit  dynamic  RAM  The  memory  can  bo  expended  (o  a  maximum  of  16  Mbytes  with  *n  upqrade  to  higher 
density  chips.  Tho  0SI-780  systom  dock  Is  i  crystal  osdtalor  running  at  20  MHx  with  ono  waX  slate.  To 
mtke  tho  DSI-780  operational.  tho  board  must  bo  Instated  in  an  IBM  PC  AT  compolibio  expansion  slob 
Switch  jottings  local  ad  on  tho  DSI-780  must  bo  sot  depending  on  tho  host  PCs  hardware  configuration. 
Tho  minooi  for  tho  OS1-7SQ  dead-/  describes  tho  propor  tattings  for  tho  mors  common  IBM  PC  compatibles. 

Tho  software  required  to  compie  end  run  I  Fortran  program  on  tho  DSI-700  Coprocessor  Indudes 
a  compler,  code  generator,  linker,  MS /DOS  program  loader,  and  Fortran  and  Pascal  runtime  library  routines 
(intrinsic  functions). 

The  com  pier,  SVS  FORTRAN  (written  by  Siieon  Valley  Software,  Cupertino.  CA).  was  originally 
written  (or  a  UNIX  operating  system  SVS  FORTRAN  b  a  single  pass  oompler  (to.,  only  reads  source  code 
once)  that  comples  In  two  ptoses.  During  the  first  phase  tho  code  Is  broken  Into  procedure- by-procedure 
parcels,  end  then  tho  compler  writes  tho  parcel's  tree  representation.  This  allows  the  compler.  during  tho 
second  phase,  to  optimize  each  parcel  separately,  thereby  reaching  in  code  so  efficient  k  cannot  bo  further 
hand-optimized.  Those  optimized  parcels  are  combined  with  their  tree  Information  which  results  In  machine 
code  reedy  lor  conversion  Into  an  object  fie  necessary  lor  linking. 

J  CODE.  1: 20  Is  the  code  generator  (assembler)  tor  the  previously  com  pled  Fortran  machine  code. 
Running  the  machine  code  through  the  JCOOE  generator  results  in  object  code  ready  lor  linking  with  the 
necessary  libraries  o I  separate  subroutines.  The  code  generated  by  JCQDE.E20.  taken  Irons  the  Motorola 
6S020  CPU  Instruction  set.  Is  in  the  final  term  necessary  to  execute  on  the  DSI-780. 

UNK20.E20  Is  the  DSI  linker  that  resovas  ell  external  cads  and  links  the  object  modulo*  with  the 
required  libraries.  After  linking,  the  original  program  can  ae  loaded  end  exocutod  using  the  DSI  loader 
(LOAD.EXE). 

LOAD, EXE  is  the  PC  DOS  program  loader  which  Initializes  end  runs  programs  that  have  been 
compied.  assembled,  and  linked  lor  the  DSI-700.  This  loader  does  not  physically  load  the  program  Into  the 
DSI-700  memory,  but  instead  provides  the  address  pointer  of  the  program  and  Initializes  the  DSI-700.  Once 
initialized,  the  DSI-700  finds  the  program  to  be  executed  end  uses  Its  internal  memory  as  needed. 
LOAO. EXE  does  provide  the  Interlace  between  the  Host  PC  and  the  DSI-700  so  I/O  transfers  can  be 
accomplished. 

C.  COMPAQ  DESKPRO  386/20 

The  Compaq  Desk  pro  365/20  (20MHz  dock)  Is  one  of  the  fastest  and  most  pcrwcrfii  PCs  avalable 
on  the  market  today.  Surpcssed  only  by  the  Deskpro  386/25  (25  MHz  dock),  the  Desk  pro  386/20  Is  an 
IBM  AT  PC  compatible  system  that  uses  an  Intel  80386  32  bit  CPU  and  Compaq's  Rax  Architecture  for 
handling  memory  access.  Avalable  In  various  configurations,  the  Deskpro  used  In  this  research  is  a  Modal 
60,  end  comes  sUndrd  with  an  80386-20  CPU.  t  Mbyte  32  M  memory,  a  32  Kbyte  cache  memory,  e  60 
Mbyte  fixed  disk  drive,  a  1.2  Mbyte  floppy  disk  drive,  and  accommodates  both  the  Intel  80387  and  the 
Weitek  1167  Math  Coprocessors.  Both  coprocessors  were  Installed  lor  this  research.  Additional  upgrade 
options  installed  Indude  an  additions!  3  Mbytes  of  memory  (total  of  A  Mbytes),  i  Compaq  VGA  monitor,  and 
a  1.4  Mbyte  floppy  disk  drive.  Memory  can  be  expanded  to  a  maximum  of  16  Mbytes  with  appropriate 
hardware  (higher  density  DRAMs). 

Designed  with  1  wait  slate  for  direct  memory  access,  the  Deskpro  uses  the  Compaq  Flexible 
Advanced  Systems  Architecture  to  roduco  the  dolay  caused  by  the  wall  state.  Under  normal  operating 
conditions.  Compaq  daims  that  the  1  wall  state  is  reduce  to  a  0  wait  state  95%  of  the  time.  It  accomplishes 
this  by  using  a  cache  memory  system  In  which  the  CPU  gets  ks  instructions  from  a  small  (32  Kbyte)  area 
of  high  speed  (35  nsec)  memory  (cache).  As  long  as  the  data  needed  by  the  CPU  Is  in  the  cache,  the 
processor  wit  run  with  0  wait  states.  II  the  data  Is  not  avalable,  the  CPU  waits  lor  the  data  to  be  retrieved 
from  the  slower  system  memory  (DRAM).  Installed  math  coprocessors  also  execute  Instructions  from  the 
cache  memory. 

The  Intel  60387  Is  an  80  bit  Math  Coprocessor  designed  to  support  the  80386  CPU.  It  provides  the 
CPU  with  the  floe  ting  point  performance  necessary  for  numerically  intensive  applications  The  Weitek  1167 
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b  i  jot  of  three  chip*  mogriod  on  s  single  PC  board.  It  1*  designed  to  work  with  tha  60306  CPU  and 
provide  floating  point  performance  superior  to  that  o f  the  80307.  The  Weitek  board  designed  for  use  wih 
the  Compaq  Deskpro  PC  indudas  a  socket  for  the  Installation  of  the  60307,  therey  *1! owing  software  to  be 
complod  with  either  the  60387  or  Weitek  Instructions.  This  corrvienent  software  option  prompted  the  dial 
completion  end  evaluation  of  NEC3  utiUlng  both  the  60367  and  the  1 167  Hath  Coprocessors. 

The  software  system  used  to  ccropla.  assemble,  link,  and  run  NEC3  on  the  Deskpro  Is  e 
combination  of  two  software  packages:  MicruWsy'i  NOP  FOOT  RAN -336  compler  (version  !.4e).  end  Pher 
Lap’s  Tods,  containing  the  386/ASM  assembler  (version  2.0).  the  306/UNK  tinker  (version  2.0).  end  the 
RUN386  OOS  extender  (version  2.0).  NDP  FORTRAN *366  b  a  UNIX  based  32  b*  Fortran  compler  that 
generates  assembly  language  code  for  the  60366  machines  end  supports  the  80287, 80387,  and  Weitek  1 167 
Math  Coprocessors.  It  requires  *  version  of  MS  DOS  3.2  or  higher,  and  at  least  2  Mbytes  cf  system  memory. 
Although  NDP  does  not  require  a  coprocessor  to  comple  source  code.  S  does  require  one  at  run  time.  This 
compler  supports  sisndard  Fortran  77  and  has  a  complete  and  thorough  set  of  libraries. 

111.  BENCHMARKS 

The  two  benchmarks  presented  are  the  Whetstone  and  a  Complex  Matrix  Inverter.  Both  of  these 
programs  were  choosen  to  test  the  computation*!  ablJy  cf  the  various  computer  systems  being  considered. 
The  ViTsetstone  was  used  because  of  ll  popxisrity  throughout  the  PC  community  and  the  Complex  Matrix 
Inverter  was  choosen  because  8  dosely  emdetes  the  calculation  requirements  found  in  NEC3. 

For  each  of  the  benchmarks,  performance  ratings  wfl  be  described  in  terms  of  percentages.  This 
percentage  wit  relate  the  PC’s  performance  to  the  mainframe's.  For  example.  ■  50%  performance  rating 
wodd  indicate  that  the  PC  was  running  at  half  the  mainframe  capablly.  In  this  manner,  the  PC  systems 
being  evaluated  can  eesly  be  compered  to  each  other  and  to  the  mainframe. 

A.  WHETSTONE 

The  WHETSTONE  benchmark  can  best  be  thought  of  as  a  program  that  measures  the  time  required 
to  do  an  average  simple  operation  In  the  simplest  manner.  There  ere  two  versions  of  WHETSTONE  used 
In  this  research,  one  In  single  precision  end  one  In  double  precision.  The  odput  b  presented  In  units  of  a 
thousand  WHETSTONE  operations  per  second  (Kflops)  end  has  been  complod  in  Table  I  end  displayed 
in  Graph  t. 

Performance  ratings  of  the  RT  PC  and  DSI-780  range  between  22%  to  2S%.  Indicating  that  the 
3033AP  runs  approximately  4  times  faster.  The  Deskpro  386/20  (w/80387)  tested  45%  to  51%.  whle  the 
Deskpro  (w/1 167)  showed  the  best  performance  with  an  80%  performance  rating. 


Table t  WIIE1SIONC  BENCHMARK:  WIH-ISIONI:  Single  and  Double 
_ Precision  Results  (K  Hop) _ _ 


Svstem 

Single  Whetstone 
(Kflup) 

Double  Whetstone 
(Kflop) 

IBM  K 1  PC’ 

909 

870 

DSI-7S0 

1000 

973 

Deskpro  186  20 
(\v  S03S7) 

18.18 

1725 

Deskpro  386  2n 
(w  llt-7) 

\:so 

2o77 

IBM  WJ1AP 
(iiMinfi.iuic) 

•lil'fi 

13S6 
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V.Ttf  TSTO'f  OflOf.wm 

Daubia  Preeit;ie« 

C5£l  t*rf*  K*3  IS f>Lt* 


B.  COMPLEX  MATRIX  INVERTER  (CMATVRT) 

CMATVRT  U  *  Fortran  program  wrfcen  oy  Pro!  M.  Morgan  d  the  Naval  Postgraduata  School;  X 
inXialbt*  and  Inverts  a  complex  matrix  ot  salt ctabt#  aba.  This  benchmark  redacts  the  degroe  ol  matrix 
compulation*  used  in  NEC3  and  SOMNTX 

The  raaiita  show  jignScanOy  higher  rating*  for  the  Deskpro  system*.  27%  for  the  60337  and  66% 
lor  the  WeXek  1 167.  compared  to  the  RT  PC*  and  the  DSI-760's  rating*  ol  6%.  Du*  to  NEC3‘*  dependence 
on  matrix  calctiations.  these  result*  indicate  that,  ol  the  PC  systems  being  evaluated,  the  Deskpro’*  system 
wil  implement  NEC3  more  efficiently.  Results  are  compied  in  Table  2  and  displayed  in  Graph  2. 


CM.Vl  Vnr  HLiNC'IIMaUK:  Complex  Maim  Imcttcr 


Svstcm 

till  hmc 
(Sccondtl 

Imcntutt  lime 
(Sccomh) 

total  time 
(Sccoml.) 

IBM  R  t  ft 

ITr. 

51 J 

1196 

OSI.rsu 

1 7  J  *J  5 

510  SO 

1217.97 

Dotpro  1st.  20 
(M  SOTS’! 

JO  *6 

I2J.5J 

300.15 

Deskpro  JSfi  20 
(n  1  lti7) 

12  Jo 

J4.SS 

S5,|l 

IBM  JOUAI* 
(iiiamlramc) 

l»  <S 

30.0J 

73.70 
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{170  X  170) 

E33  c*o>r  G£3  t»i«i 


t?SO 


l  coo 


h^MLaSL^iSi 


K»m 


CV^-JoO  3«6/nC>  5033a^ 

i  u.l'.  ‘[ft  ;rtTHj 


GRAPH  2 


IV.  PERFORMANCE  RESULTS  OF  NEC3  SAMPLE  RUNS 

The  example*  UMd  (o  evaluate  NEC3  art  by  no  means  •  complal#  representation  of  tha  types  o I 
enlenna  design  problem*  that  can  be  scfved  on  NEC3.  However.  thaaa  ramples  do  reprasenl  a  widt  range 
o t  anlanna  problems  and  are  considered  a  good  last  bad  In  tha  avalur/ion  of  NEC3. 

It  should  ba  not  ad  that  tha  Input  Impedances  generated,  on  NEC3  using  tha  Deskpro  386/20 
(w/ 80387]  and  NOP  FORTRAN-386  appear  to  ba  pseudo-random.  Although  this  randomness  In  not  saan 
In  axsmple  G2.NEC  (nxsnopde  antanna).  k  doas  bacon*  apparent  In  S5.NEC  (log-parted Ic  antanna). 
RHOM8IC.NEC,  and  ak  tha  Halfwave  Dipda  examples.  Tha  more  complex  tha  design  problem,  and  the 
mort  tha  coda  Is  stressed  the  more  randomness  appears  In  it*  solution*.  Ekhar  through  faults  In  the 
software  or  tha  80387  or  both,  the  solutions  ot  tha  dipoles'  Input  Impadancas  do  vary  from  run  to  run. 
These  example  problems  ware  repeated  on  an  Idanllcalty  configured  Oeskpro  386/20  wkh  tha  same  results. 
Although  tha  answers  appear  to  approximate  tha  3Q33AP  results,  Uie  solutions  can  not  ba  validated.  Tha 
numbers  that  appear  In  the  following  ltd  is  and  graphs  lor  the  Detkpro  (w/80387)  are  averages  of  several 
runs. 

A.  S5.NEC  •  12  ELEMENT  LOG -PERIODIC  ANTENNA  IN  FREE  SPACE. 

Results  ot  this  axampla  show  this!  the  Deskpro  (w/1167],  with  a  rating  ot  *7%.  has  tha  bast 
performance.  Input  Impadancas  fee  all  PC  systems  are  equal  and  cfcieiy  approximata  tha  3033AP's  solution 
Results  are  listed  in  Tabla  3  wkh  run  times  displayed  In  g«.ph  3. 
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EXAMPLE S5.NEC:  Log-Periodic  Antenna 


System 

1-ill  lime 
(Seconds) 

l-'nctor  'lime 
(Seconds) 

Total  Time 
(Seconds) 

IBM  RT  PC 

S') 

24 

179 

OS1-7SO 

S2.42 

24.7 

163.00 

Deskpro  3S6/2Q 
(W/503S7) 

27.95 

4.73 

51.90 

Deskpro  3S<L*20 
(w/1167) 

11.42 

1.65 

20.55 

IBM  3033AP 
(mainframe) 

5.34 

1.06 

9.62 

System 

Input  Impedance 
(Ohms) 

Gain 

(till) 

IBM  RT  PC 

42.33  •  j0.45 

9.75 

DSI-7S0 

42.33  •  j0.45 

9.75 

*  Deskpro  356/20 
(W/S03S7) 

42.33  •  jO.45 

9.75 

Deskpro  3S6*20 
(w/1167) 

42.33  •  jO.45 

9.75 

IBM  3033AP 
(mainframe) 

42.45  -  jO.SO 

9.76 

Because  or  »he  randomness  of  she  system,  tlic  reported  results  arc  the  averages  of 

several  solutions. 


B.  G2.NEC .  MONCPOLE  ANTENNA  (REQUIRES  SOMWTX  DATA) 


ParfotTTwnca  ratify j  lor  this  axsmpla  rgaio  Indicate  tha  superior  spaad  of  tha  Deskpro 
(wAYeXek).  However.  the  input  impedance  could  not  b*  calculated  lor  the  Weltek  due  to  a  precision 
ralatad  run  tin*  •nor.  AX  other  Input  Impedances  dosefy  resemble  tha  3033AP's  solution.  Results  art  I  Iliad 
In  Table  4  with  run  times  display* d  In  Qnph  3. 


Tabla4  EXAMPLE  G2.NEC:  Monopolc  on  a  ground  stake  (requires 
SOM  M  X  data) 


System 

Till  l  ime 
(Seconds) 

Factor  lime 
(Seconds; 

'l  otal  1  irnc 
(Seconds) 

HIM  RT  I’C 

60 

<1 

9S 

DSI.7S0 

36.30 

0.33 

SS.S6 

Deskpro  3S6’20 
(vv/80387) 

13.62 

0.1 1 

23.50 

Deskpro  3S6  20 
(w/1107) 

6.02 

0.02 

11.21 

lUM  3033AI* 
(mainframe) 

3.23 

0.003 

4.99 

System 

Input  Impedance 
(Ohms) 

Gain 

(dll) 

IBM  Rl  PC 

06.78  +■  j3S.35 

0'.32 

DSI-7S0 

96.53  +  j38.7l 

0.32 

Deskpro  386/20 
(w, '80387) 

96.78  +  j3S.36 

0.32 

Deskpro  3S6/20 
(tv/ 1167) 

Note 

0.32 

IBM  3033A I* 
(mainframe) 

94.88  +  j39.01 

0.33 
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C.  RHOMBIC.NEC  *  RHOMBIC  ANTENNA  HORIZONTALLY  POLARIZED 

Reslits  Iron)  the  Rlxxnblc  example  dcsely  correspond  to  the  previous  example*  ot  NEC3  Again, 
th*  Deskpro  systems  displayed  superior  speed  whle  maintaining  good  solution!  (or  the  Input  Impedances. 
With  t  performance  ratio  ct  ATX,  the  Desk  pro  (w/1167),  Is  consistency  twice  *s  slow  ss  the  3033AP 
meinlrame.  Results  *  re  listed  In  Table  5  wfch  run  tinv*3  displayed  in  Graph  3. 


EXAMPLE  R1IOMJ11C.NEC:  Rhombic  Antenna  I torizonfnily 
Polarized 


System 

ITII  lime 
(Seconds) 

factor  lime 
(Seconds! 

Total  Time 
(Seconds) 

IBM  RI'  I'C 

260 

51 

391 

DSI-7S0 

2-I-L9I 

53.23 

359.SS 

Deskpro  386:20 
(\\VSUjS7) 

63.03 

10.17 

99.15 

Deskpro  386/20 
(vv/1167) 

25.5-1 

3.62 

38.34 

IBM  3033AI* 
(mainframe) 

II.S7 

2.-12 

_ 

17.98 

System 

Input  impedance 
(Ohms) 

Gain 

(JB) 

IBM  RI  I’C 

352.05  +  j  172.06 

17.95 

DSI-7S0 

352.06  +  j  172.06 

17.95 

♦  Deskpro  386  20 
(tv.  80337) 

352.32  +  j  172. 14 

17.95 

Deskpro  386  20 
(tv.  1167) 

352.05  • 

1-  j  172.00 

17.95 

IBM  303JAI* 
(mainframe) 

352.05  +  j  172.0-1 

17.95 

*  Because  ol  the  randomness  of  the  system,  the  reported  results  arc  the  averages  of 

sescral  solutions. 


I 

4 

4 
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i 
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0.  DIP49.NEC  •  HALFWAVE  DIPOLE  {USING  49  SEGMENTS) 


Parformanca  result  rang*  from  7%  to r  tha  PC  RT  to  59%  tor  tha  Daskpro  (w/S 167).  Alt  solutions 
(or  th«  Input  Impadanca  closely  rasentole  the  3033AP  solutions.  Results  ara  llstsd  In  Table  6.  Input 
impedances  tr*  displeyed  In  Graphs  4,5.  and  6 


Tibia  6 

EXAMPLE  DIP49.NKC:  Dipole  Evaluated  with  49  Segments 


System 

till  1  tine 
(Seconds) 

Eactor  1  line 
(Seconds) 

total  lime 
(Seconds) 

IBM  HI  re 

40 

6 

50 

DSI-7S0 

36.91 

6.13 

44.C4) 

Dcskpro  386/20 
(W.S03S7) 

12.41 

1.04 

14.11 

Dcskpro  3So.  20 
(w.1167) 

$.08 

0.45 

5.SS 

HIM  303 3AI* 
(mainframe) 

3.01 

0.24 

3.46 

System 

Input  Impedance 
(Ohms) 

Power 

(Watts) 

IBM  HI  re 

78.01  4 

J45.52 

4.7SI-.02 

DSI-7S0 

77.90  +  j44.36 

4.S5U-02 

*  Dcskpro  3SG.20 
(w.80387) 

7S.02  4 

J45.S7 

4.76I--03 

Dcskpro  3S6.'20 
(w/1167) 

77.91  4 

j43.66 

4.SSH.03 

IBM  3033 A  I1 
(mainft.tmc) 

77.90  4-  j44.48 

4.S4I-.03 

•  Because  oftlic  randomness  of  the  system,  the  reported  results  arc  the  averages  of 

several  solutions. 
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E.  DIP99.NEC  ■  HALFWAVE  OIPOLE  (USING  99  SEGMENTS) 


BtuHi  of  thU  #x»mpl#  b#gln  to  show  th#  tff# ct  of  th#  W*it*k'i  23  bit  msntlssa.  Although  th« 
p««f(ofTi*r'"»  rating  (of  th#  D#ikpro  (w/l  1 67)  Is  #xc*il#n(  (67%),  th#  solution  of  th#  dipdt't  Input  lmp#danc# 
Is  beginning  to  d#vtit#  from  th#t  of  th#  3033AP‘s.  Th#  D«skpro  tiling  th#  80387  h#s  i  63  bit  m*ntb»  and 
p#rform*nc#  rating  of  27%.  Rfiuhi  ir»  IUt#d  In  Tsfcf#  7  with  run  tlm#s  dispiiytd  In  Graph  3.  Input 
lmp#dsnc#s  trt  diipliy»d  In  Graph  4. 


T»bi«  7  tiXAMI-u;  L)||»J9.Ni;C:  Dipole  Evaluated  with  99  Segments 


System 

t  ill  lime 
(Sceonds) 

1‘actor  Time 
(Seconds) 

Total  Time 
(Seconds) 

HIM  III*  re 

154 

48 

207 

DSI-7S0 

142.80 

50.67 

197.07 

Deskpro  386.20 
(W.S0JS7) 

48.23 

9.72 

59.43 

Deskpro  3S6.20 
(u.1167) 

1*172 

3.57 

23.95 

HIM  30}  JAP 
(mainframe) 

12.25 

2.24 

14.81 

System 

Input  Impedance 
(Ohms) 

Power 

(witts) 

HIM  IU  l*C 

79.625  «-  j7 1.703 

3.47I-.03 

DSI-7S0 

80.169+  jS6.23 

2.S9I--03 

*  Deskpro  386.20 
(W.S03S7) 

79.03  +  j  60.65 

3.9SI-.03 

Deskpro  386,  20 
(vv.1167) 

77.38+  j31 .51 

5.54E-03 

HIM  3033AP 
(mainframe) 

7S.00  ■ 

4-  j44.6l 

4  S31--03 

•  Because  of  the  randomness  of  the  system.  the  reported  results  are  the  averages  of 

several  solutions. 


* 


! 


[ 

! 
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F.  CHP199.NEC  ■  HALFWAVE  DIPOLE  (USING  19Q  SEGMENTS) 


Although  th*  pirforminci  filings  if*  consistent  with  thi  o(h*f  ixamplis.  only  I  hi  Dijkpro  with  Ih* 
80397  U  ill  nsiincilntng  m  Input  bnpidinc*  solution  numbing  thit  of  th*  3033AP'*.  Thi  WiJok  Input 
impidinci  solution  Is  no  longif  vilid.  Risiits  in  listed  In  Tibli  8.  Input  Impidincis  *fi  dispUyid  In 
Graph  5. 


Tiblifl  lIXAMI'l.t:  l)IPI99.Ni;C:  Dipole  Evaluated  with  198  Segments 


System 

till  time 
(Seconds) 

Factor  I  ime 
(Seconds) 

Total  1  ime 
(Seconds) 

itt.M  iu  i'-: 

Mai 

359 

1003 

DSJ.7S0 

336.00 

619.51 

1 190.0J 

•  Deskpto  356  20 
(sv.SOjS*) 

153.60 

75.92 

269.03 

Deskpro  356  20 
(W.tlOf) 

75.7.1 

25.93 

106.25 

IBM  303 JAI* 
(mainframe) 

31.52 

19.00 

7I.6S 

System 

Input  Impedance 
(Ohms) 

Power 

(Watts) 

HIM  IU  PC 

134.53  +  |S0.94I 

1.001:03 

IJSI.7SO 

69.63  • 

JIJ5.I2 

I.30I-.03 

*  Deskpro  356  20 
(W.S0JS7) 

77.00  +  j42.54 

5.1Sl:-03 

Deskpro  350.  20 
(w.  1167) 

94.99  + 

)27J.7J 

5.66II-04 

IBM  30 J JAP 
(nuinlrnmc) 

75.03  +  )44.69 

4.S21--03 

*  Because  of  the  randomness  of  the  is  stent,  the  tepotted  results  ate  the  averages  of 

several  solutions. 
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G.  DIP299.NEC  •  HALFWAVE  DIPOLE  (USING  299  SEGMENTS) 

The  (valuation  o <  •  299  segment  dipole  d**tly  shows  the  high  precision  faquir emenl s  of  th«  NEC3 
cod*.  Only  th*  Deskpro  (w/80387)  system  can  rr*  Inis  In  •  solution  comperabl*  with  that  ol  th*  3d33AP‘s. 
With  a  perform* nee  rating  o I  28%.  the  Deskpro  (w/80387)  Is  almost  4  times  slower  than  th*  maWram* 
(3033AP).  Results  are  listed  in  Table  9.  Input  Impedances  are  displayed  In  Graph  6. 


TaN*9  EXAM t'l.t!  t)ll'299.NEC:  Dipole  Evaluated  with  299  Segments 


System 

I  ill  1  true 
(Seconds) 

factor  lime 
(Seconds) 

I  otal  1  ime 
(Seconds) 

HIM  IU  I'C 

I33S 

1319 

26S9 

DSJ.7S0 

1239.72 

I3S0.-10 

264-1.50 

*  Deskpro  3S6  20 
(vv.SO.IS7) 

•III.2S 

269.13 

6S9  -IS 

Deskpro  3S6'20 
(vv.1167) 

IC'S.29 

97.3-1 

269.6S 

HIM  3033AI' 
(m.tinftamc) 

121.69 

67.36 

190.73 

System 

Input  Impedance 
(Oluns) 

Power 

(W9tt$) 

HIM  IU  I'C 

M3.6S  •  J3W.42 

4.6UI-.06 

DSI-7S0 

.12.75-  )2 152.3 

4.60I-.06 

*  Deskpro  3S6.20 
(W.-SUJS7) 

S  1.95  +  j52.95 

3.331--05 

Deskpro  3S6  20 
(vv'1167) 

30.165  - j  192  J.5 

4.10H-06 

HIM  3033 A 1’ 
(mainframe) 

7S.US  +  j44.72 

4.S21-.03 

*  Because  of  the  raitdonuiess  of  the  system,  the  reported  results  arc  the  averages  of 

several  solutions. 


V.  CONCLUSIONS 


The  rastits  of  the  testing  dearly  show  that  the  PC  b  now  a  viable  option  to  the  mainframe  whan 
Implementing  large  engineering  program*.  Of  tha  three  system*  reviewed,  k  la  daar  that  tha  Compaq 
Oeskpro  306/20  waa  tha  faataat  and  moat  powerful  machine. 

Tha  Oeskpro,  whan  uaing  tha  WeXek  1 167  math  coprocessor,  waa  approximately  50%  to  75%  laatar 
than  a B  other  systems.  Tha  Whetstone  benchmark  results  Indicata  that  only  20%  at  tha  WeXek's  apaad 
advantage  la  I  oat  whan  calculations  at*  rrvada  In  double  precision.  Tha  Oeskpro  306/20  and  1 167 
combination  rated  between  75%  and  60%  of  tha  IBM  3033AP  mainframe.  Tha  disadvantage  for  tha  WeXek 
la  ka  23  bX  mantlaaa  inatead  of  tha  60307* a  63  bX  mantissa.  This  loss  of  accuracy  waa  evident  In  tha  dipole 
examples  of  tha  previous  chapter.  Aa  tha  number  of  segments  Increase,  tha  amount  of  accuracy  required 
by  NEC3  also  Increases,  requiring  Increased  resolution  In  tha  NEC3  generated  output.  NEC3.  converted 
to  double  precision,  should  Improve  tha  WeXek  solution  whle  at*  allowing  a  apaad  advantage  over  the 
00307. 


Tha  Oeskpro  whan  using  tha  80387  math  coprocessor,  rated  between  20%  and  25%  of  the  IBM 
3033AP  mainframe.  Tha  accuracy  of  tha  80367  la  much  batter  than  the  WeXek' i.  end  thereby  batter  suited 
lor  NEC3  problems.  This  accuracy  Is  overshadowed  by  lha  fact  that  tha  NOP  FORTRAN -386/80387 
combination  results  In  unstable  coda  giving  pseudo-random  solutions  to  complex  antenna  problems.  These 
shortcomings  must  be  further  Investigated  to  uncover  end  correct  NDP  FORTRAN  bugs  and  to  determine 
X  tha  80307  end/or  NO P  FORTRAN  Is  Sawed. 

It  should  also  be  noted  that  due  to  tha  unstable  results  of  tha  Oeskpro  (w/80387).  separata  test  of 
the  dipole  examples  ware  run  on  using  s  version  of  NEC3  that  was  compJad  for  an  IBM  AT  using  a  80287 
Math  Coprocessor  with  MS  FORTRAN  4.01,  These  tests  resulted  in  input  Impedances  which  dosely 
correlate  wkh  those  calcdaled  with  tha  IBM  3033 AP.  Due  to  these  good  results  using  ■  16  bX  Fortran 
compJer,  X  would  seem  that  the  32  bX  UNIX  based  FORTRAN*  stll  need  some  refinement.  Tha  results  of 
this  research  indicata  that  tha  true  potential  for  these  32  bX  com  piers  In  Implementing  large  numerically 
intensive  programs  Is  excellent.  AddXIonat  implementations  of  NEC3  wkh  other  32  bX  Fortran  compters, 
such  as  Sllcon  Valley  Software's  SVS  FORTRAN  386  end  Lahey  Computer  Systems*  F77L-EM/32  w*  be 
attempted. 

Of  the  three  PC  systems  evaluated,  only  the  Oeskpro  386/20  provided  enough  speed  and  accuracy 
to  challenge  lha  malninme.  Tha  Oeskpro  (w/WaXek  1 167)  Is  tha  fastest.  b<X  modifications  to  NEC3  must 
be  made  to  minimize  lha  WeXek' »  loss  of  accuracy.  Tha  Oeskpro  (w/80387)  Is  slower,  but  provides 
Increased  accuracy.  This  conclusion  assumes  that  tha  bug  that  Is  causing  lha  80387  pseudo-random 
solutions  is  correctable. 
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ABSTRACT 

Impedance  characteristics  of  a  horizontal  off-center-fed  hf 
wire  antenna ,  operating  close  to  real  ground,  are  investigated 
both  experimentally  and  with  the  aid  of  NEC2-PC.  This  antenna 
serves  effectively  for  communications  in  bands  about  the 
discrete  frequencies  1.9.  3.8.  7.2.  10.1,  14.2,  18.15,  21.3, 
24.95,  end  28.5  MHz.  Impedances  well  suited  to  the  tuning 
capabilities  of  commerciully  available  three-reactance  (Tee 
network)  matching  units  are  obtained.  A  dual  coax  feed,  with 
4:1  balun  located  at  the  transmitter  end,  is  found  to  be 
feasible.  Experimental  antenna  Impedances,  obtained  with  a 
laboratory  grade  rf  impedance  analyzer,  are  compared  to 
theoretically  predicted  values  for  two  feed/measurement 
circuits  at  the  numerous  frequencies  of  interest.  A  set  of 
predicted  values  based  on  free-space  impedance  calculations  is 
also  presented. 


I.  Introduction 

The  wire  antenna  under  study  is  Illustrated  in  Figure  1. 
This  configuration  is  a  variation  of  the  so-called  ‘Windom" 
which  is  no  longer  referenced  in  the  contemporary  texts,  but 
may  be  found  in  older  handbooks  (1).  To  operate  effectively 
about  3.9,  7.2,  14.2,  and  28.5  MHz,  the  original  Windom  was 
made  approximately  120  feet  (36.6  meters)  long  overall  (length 
L),  with  a  single-uirc  feeder  connected  at  the  point  0.36L  from 
one  end.  Of  course,  the  wire  feeder  was  part  of  the  antenna, 
and  brought  considerable  rf  levels  to  the  transmitter  location. 
One  variation,  seen  in  (1],  has  a  length  L  -  136  feet  (41.4 
meters)  with  a  300-0hm  twin-lead  feed  at  44  feet,  4  inches 
(13.5  meters)  from  the  end.  Similar  problems  with  rf  at  the 
transmitter  occur  with  the  twin-lead  feed.  When  the  dual  coax 
feed  and  transmitter-end  balun  illustrated  in  Figure  2  are 
employed,  negligible  rf  currents  on  the  outer  coax  conductors 
are  observed  at  the  transmitter  site.  The  feed  lines  run  away 
from  the  antenna  at  right  angles  for  the  greatest  distance 
possible. 

For  this  study,  the  length  has  been  increased  to  46.9 
meters  in  an  attempt  improve  utility  at  1.9  MHz.  Using  the 
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original  rule-of-thumb  of  0.361.,  the  feed  point  would  separate 
the  antenna  into  dimensions  of  1C. 9  and  30.0  meters.  For  the 
sake  of  inquiry,  the  feed  point  has  been  shifted  slightly  so 
that  the  actual  lengths  are  It. 9  and  28.0  meters,  as  indicated 
in  Figure  1. 


«WX> 


18.9  meters 


T*  T - "*  — 


28.0  meters 
- - - 


1.96  meters 


Figure  1.  Unsymmelricnl  HF  multiband  wire  antenna. 


The  present  hf  band  allocations  for  amateur  radio  use  ere 
1.8  -  2.0.  3.S  -  4.0,  7.0  -  7.3,  10.10  -  10.15.  14.0  -  14.35, 
18.068  -  18.168,  21.0  -  21.45,  24,89  -  24.99,  and  28.0  -  29.7 
KHz.  Within  these  bands,  the  nine  design  frequencies 
enumerated  in  the  Abstract  have  been  identified.  At  this  time, 
there  are  over  300,000  licensed  radio  amateurs  in  the  United 
States.  Hany,  like  the  authors,  live  with  limited  space  and/or 
restrictive  covenants  with  regard  to  antennas.  A  single  wire 
antenna  capable  of  effective  performance  on  all  the  currently 
allocated  hf  bands  is  an  item  of  popular  interest. 


IX.  Predicted  Impedances 

For  this  application,  the  impedance  of  paramount  importance 
is  that  at  the  transmitter  end  of  the  feed  line(s)  rather  than 
directly  at  the  antenna  cermlnals.  Consequently,  in  this 
study,  circuit  analysis  Mil  be  applied  to  transform  antenna 
impedances  into  impedances  seen  at  the  transmitter  end.  The 
objective  is  to  discern  if  a  commonly  available  three-reactance 
matching  network,  placed  at  the  50-0hm  transmitter  output,  can 
effectively  match  the  impedances  seen  at  that  point,  and  thus 
efficiently  export  rf  energy  toward  the  antenna. 

'Calculations  of  the  various  antenna  feed-point  Impedances 
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have  been  made  with  the  assistance  of  the  NEEDS  package  (2)  on 
an  IBM  Modal  70  personal  computer.  Special  interest  hara  lx  In 
calculations  which  taka  Into  account  the  presence  of  non-ideal 
ground,  as  tha  antanna  Ax  shown  by  Figure  1  to  be  operating 
only  1.J6  meters  above  earth.  For  these  calculations,  tha  wire 
radius  is  0.00343  maters. 

Tha  Norton/Scsnmerfeld  method  is  employed  for  tha  modeling 
of  this  antanna  over  ground.  Radiation  patterns  are  not 
reported  In  this  particular  study,  as  no  means  of  experimental 
validation  was  available,  and  only  Impedances  are  considered 
here.  Of  course,  NEC2-PC  requires  for  this  method  the  Input 
file  generated  by  running  the  separate  program  SGHNEC  In  the 
NEEDS  package,  prior  to  the  NEC  run.  SOHNEC,  in  turn,  requires 
Input  of  the  effective  ground  conductivity  and  effective  ground 
dielectric  constant  at  each  frequency. 

The  selected  test  site  has  a  water  table  well  below  the 
surface,  so  a  one-layer  slab  model  should  be  sufficient  for  the 
ground.  Proof-of-perfor$ance  measurements  on  AM  broadcast 
antennas  in  the  area  show  the  effective  conductivity  *  to  be 
close  to  2  mS/m  over  a  widespread  area  of  western  Alabama,  at 
frequencies  to  approximately  1.6  MHz.  Without  equipment  to 
measure  f  at  a  function  of  frequency  to  30  MHz,  or  to  directly 
measure  effective  dielectric  constant  previous  soil  studies 

In  the  literature  were  consulted.  Hagn  (3)  Includes  the 
necessary  relevant  data  in  his  Figures  (.1  and  6.2.  The  soli 
In  the  test  site  vicinity  closely  resembles  the  Ft.  Monmouth, 
NJ,  type.  Generally  following  the  Ft.  Honmeuth  curves,  the 
values  of  #  and  <r  employed  with  SOHNEC  are  documented  in  Table 

1. 

For  convenient  comparison,  the  corresponding  antenna 
feed-point  impedances  calculated  for  a  free-space  environment 
are  presented  in  Table  2. 

Standard  circuit  analysis  is  applied  to  transform  the 
antenna  impedances  to  those  at  tha  transmitter  location.  Both 
the  transmission  llna(s)  and  the  cables  used  to  fabricate  the 
coaxial  4:1  baluns  are  lossy.  The  relevant  loss  figures,  in  dB 
per  hundred  feet,  are  as  follows: 


JfJMSU 

LAM 

Aftlltt 

1.90 

0.305 

0.55 

3. SO 

0.41 

0.80 

7.20 

0.56 

1,20 

10.10 

0.68 

1.S0 

14.20 

0.77 

1.70 

18.15 

0.88 

2.00 

21.30 

0.98 

2.20 

24.95 

1.02 

2.35 

20.50 

1.20 

2.50 
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TABLE  J. 

Impedances  Computed  by  NEC2-PC 
Ground  Present 


Freq.  a  fr  Impedance  Za 


MHz 

mS/m 

n 

1.90 

2 

23 

40.7  -  j  629. 

1.90 

.5 

10 

47.9  -  1  632. 

3.80 

2.3 

19 

181.  +  i  437. 

7.20 

3 

15 

1324.  11257. 

10.10 

3.8 

15 

1291.  +  i  473. 

14.20 

4.8 

14 

557.  +  j  893. 

18.15 

5.5 

13 

177.  -  l  366. 

21.30 

6.0 

13 

1154.  -  j  642. 

24.95 

6.5 

13 

377.  -  i  395. 

28.50 

7.0 

13 

198.  -  j  52.8 

TABLE.2 

Comparison  of  NEC2-PC  Calculated 
Antenna  Impedances 


Freq.  Ground  Ground 

MHz  Present  Absent 


1.90 

3.80 

7.20 

10.10 

14.20 

18.15 

21.30 

24.95 

28.50 


40.7  -  j  629. 
181.  +  j  437. 
1324.  +  i 1257. 
1291.  +  j  473. 
557.  +  j  893. 
177.  -  i  366. 
1154.  -  j  642. 
377.  -  i  395. 
198.  -  j  52.8 


21.1  -  j  744. 
198.  +  j  441. 
1371.  +  jll47. 
1207.  +  j  642. 
619.  +  j  852. 
137.  -  j  402. 
1185.  -  j  778. 
328.  -  i  419. 
157.  -  j  58.9 
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The  nominal  velocity  factor  for  tha  RG-213  tranamiaaion  lina(a) 
ia  0.C5S.  Tha  A/2  coaxial  balun  langtha  were  cut  in  tha  field, 
and  latar  analysis  indicated  that  four  alactrical  lengths 

deviated  aufficlently  from  180°  to  b*  noted  hare,  namely  174° 

at  1.9  KHz,  186°  at  7.2  MHz,  189°  at  14.2  MHz,  and  185°  at 
18. IS  MHz.  ,  . 

Tha  circuit  analyaia  problem,  with  losay  linos,  is 
sufficiently  tedious  that  computer  assistance  is  helpful.  For 
this  study,  all  circuit  analysis  work  was  done  with  the  program 
TAME  (4). 


XII.  Heasured  Impedances 

All  measured  impedances  ware  observed  with  a 
Hewlett-Packard  modal  4191A  rf  impedance  analyzer.  This  is  a 
current-production  piece  of  equipment,  with  performance 
specifications  which  can  be  seen  in  Hewlett-Packard  equipment 
catalogs  of  recent  yaars.  The  single  measurement  port  on  this 
instrument  is  an  (unbalanced)  coaxial  connector  input. 


IV.  Theoretical  and  Experimental  Results 

The  predicted  antenna  impedances  from  NEC2-PC  calculation, 
both  for  cases  of  ground  present  and  ground  absent,  are  in 
Table  2.  All  impedances  hereafter  are  at  the  remote 
(transmitter)  end. 

Figure  2  depicts  the  preferred  mode  of  antenna 
feed/operation.  In  practice,  the  balun  will  be  a  commercial 
'broadband  4:1"  toroidal  balun.  However,  such  baluns  are  not 
well  characterized  and  it  was  deemed  more  appropriate,  for 
experimental  study,  to  use  a  well-known  coaxial  A/2  balun  which 
is  more  conducive  to  reliable  circuit  analysis.  To  illustrate 
the  discrepancies,  measured  z,n  with  the  coax  balun  is  compared 

in  Table  3  to  Zin  measured  at  the  unbalanced  input  side  to  the 

balun  contained  in  our  MFJ  Model  MFJ-941D  antenna  tuner.  The 
differences  at  14.2  and  24.95  MHz  are  particularly  conspicuous. 
In  Tables  4  through  6,  theoretical  Z^n  values  for  three 

circumstances  are  compared  to  measured  Z^R.  To  quantify 

agreement  (or  lack  of  it)  between  theory  and  experiment,  it  is 
useful  to  define  the  error  function  U  by 

£  2  2 
u  "  [[Rtheory"  Rmeas.]  +  (Xtheory-  xmeas.)  ]  ^ 
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TABLE.3 


Comparison  of  Measured  Z-p  for 

Single-bud  Coaxial  Baiun  versus  a 
Commercial  "Broadband  4:1"  Baiun 


Freq.  Coaxial  Broadband 

MHz  Baiun  Zb  0  Baiun  Z>n  ft 


1.90  3.4  -  i  14.9 

3.80  9.8  *  1  4.8 

7.20  37.2  -  l  53.7 

10.10  4.3  ♦  l  22.1 

14.20  7.2  -  l  27.3 

18.15  48.2  4  j  39.2 

21.30  5.3  -1  2.1 

24.95  35.8  4  1  73.1 

28.50  7.9  +  j  10.2 


2,7  ♦  1  12.3 
11.5  -  j  23.3 
3.3  4  1  25,8 
64.2  -  j  80.3 
71.7  4  3  24.4 
5.  t  +  j  5,8 
150.  4  3  1.3 
13.1  4  3  32.8 


IAHLEjl 

Predicted  vs.  Measured  Impedances 
Measurement  Circuit  of  Figure  2 
Cround  Absent 


Freq.  Theoretical  Measured 
MBz  ZiR  0  Zin  ft 


1.90 

3.80 

7.20 

10.10 

14.20 

18.15 

21.30 

24.95 

28.50 


2.2  -  j  16.8 
3.6  4  3  0.9 

23.8  -  3  70.2 

3.2  4  3  0.9 
14.2  -  3  46.2 

11.9  4  3  37.7 
8.8  -  3  28.4 

12.9  4  3  33.3 
15.8-3  5.8 


3.4 

9.8 

37.2 
4.3 

7.2 

48.2 

5.3 
35.8 

7.9 


4 


14.9 

4.8 


3  53.7 
3  22.1 
3  27.3 
j  39.2 
-  2.1 


3  73.1 

3  10.2 


Error  function  U  =  5,818 
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which  is  a  fundamental  indicator  of  diffaranca  batwaan  tha  two. 
Tha  basis  for  Tabla  4  is  pcadictad  impedances*  for  tha  antanna 
in  a  free-space  environment.  Tabla  5  is  similar,  but  with 
antanna  impadancas  thosa  in  tha  prasanca  of  non-idaal  ground. 
Tablas  4  and  S  both  employ  tha  network  of  Figure  2. 


Figure  2.  Principal  measurement  circuit. 


Tabla  6  addresses  two  points  of  natural  curiosity.  It  has 
been  proposed  that  the  balun  be  situated  at  the  antenna 
terminals  rather  than  at  the  transmitter,  as  illustrated  in 
Figure  3.  This  reduces  the  transmission  line  requirement  to 
one  coaxial  cable,  and  hopefully  serves  to  minimize  rf  currents 
flowing  on  the  outer  conductor  of  that  single  cable.  On  the 
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other  hand,  one  suspects  that  addition  of  the  balun  at  the  feed 
point  will  alter  the  original  current  diatribution  (and  feed 
impedance)  ao  that  the  already  available  HEC2-PC  analyaia  ia 
auspect.  The  data  of  Table  6  verifiea  that  concern,  aa  the 
error  function  value  zooms. 


TABLEL5 

Predicted  vs.  Measured  Impedances 
Measurement  Circuit  of  Figure  2 
Ground  Present 


Freq.  Theoretical  Measured 

MHz  Z.  n  Z-  (1 

m  in 


1.90 

3.80 

7.20 

10.10 

14.20 

18.15 

21.30 

24.95 

28.50 


2.3  -  j  16.0 

3.4  +  j  0.9 

23.4  -  j  71.0 
3.3  +  j  1.1 

13.8  -  j  46.6 

14.1  +  j  36.6 

9.2  -  j  28.4 

13.1  +  j  32.0 

15.5  -  j  8.8 


3.4  -  j  14.9 

9.8  +  j  4.8 

37.2  -  j  53.7 

4.3  4-  j  22.1 

7.2  -  j  27.3 

48.2  +  j  39.2 

5.3  -  j  2.1 

35.8  +  j  73.1 

7.9  +  j  10.2 


Error  function  U  =  5,906 


Illustration  of  the  relative  effect  of  ground  presence  is 
also  provided  in  Table  6  by  a  one-line  addition.  Note  that 
1.90  MHz  appears  twice.  The  values  of  9  ■  2  mS/m  and  cr  «  23 

are  in  accord  with  (3],  while  the  second  line  is  based  on  v  ■ 
0.5  mS/m  and  <r  »  10  as  an  estimated  lower  bound  on  conceivable 

ground  conditions  in  the  area.  The  resultant  change  in 
theoretical  Z^n  is  modest. 
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Finally,  a  raasonabla  inquiry  it  mada  into  the  feasibility 
of  measuring  the  antenna  impedance  directly  at  its  terminals. 
Xt  is  generally  documented,  for  example  in  (5),  that  such 
measurement  on  an  unsymmetrical  antenna  is  not  reliable. 
Accurate  measured  antenna  impedances  would,  of  course,  lead  to 
theoretical  z^n  values  in  full  agreement  with  those  measured, 

resulting  in  an  error  function  of  zero. 

For  this  procedure,  the  impedance  analyzer  is  mounted  in 
immediate  proximity  to  the  feed  points  on  a  wooden  support. 
Because  the  impedance  analyzer  only  has  an  unbalanced 
measurement  port,  it  is  necessary  to  connect  one  antenna  feed 
point  to  instrument  ground.  Xt  is  observed  immediately  that 
the  '■polarity*  of  Instrument  connection  affects  the  observed 
impedance  value.  Thus,  the  impedance  is  actually  measured 
twice  as  shown  in  Figure  4  and  the  average  of  these  two  numbers 
is  taken  as  the  antenna  impedance.  The  results  of  this 
exercise  are  summarized  in  Table  7  which  shows,  indeed,  an 
impedance-disturbing  effect  arising  from  attempted  direct 
observation  at  the  antenna  terminals. 


Terminals 

Figure  3.  Secondary  measurement  circuit. 
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TABLE JB 

Predicted  vs.  Measured  Impedances 
Measurement  Circuit  of  Figure  3 
Ground  Present 


Freq.  Theoretical 

MHz  Z.  n 
m 


Measured 

Zin* 


1.90  5.8  -  j  27.7  13.7  -  j  23.8 


1.90 

3.80 

7.20 

10.10 

14.20 

18.15 

21.30 

24.95 

28.50 


7.0 

2.6 

58.1 
9.9 

40.4 

88.1 

21.5 

50.6 

40.6 


j  29.5 
1  20.9 
i  114. 
1  0.7 
1  84.6 
1  95.0 
1  53.4 
l  65.0 
j  1.3 


13.7  - 
19.9  - 

83.8  - 
12.1  ♦ 
32.3  - 
85.7  + 
12.0  - 
103.  + 
18:8  - 


J 

j  23.8 
l  15.1 
1  52.1 
j  17.4 
1  96.4 
1  31.9 
j  29.0 
1  127. 
j  8.4 


Error  function  U  s  17,272 


tr  =  23,  fs2 


•• 


tr  =  10,  a  a  0.5 


Figure  4.  Impedance  measurement  directly 
at  antenna  terminals. 


TABLED 


Predicted  Zin  Based  on  Impedances 

Measured  at  the  Antenna  Terminals 
(generally  not  reliable) 


* 


Freq. 

MHz 

Measured 
\  0 

Predicted 

Zin  « 

1.90 

92.8 

_ 

j 

308. 

4.3 

- 

j 

11.3 

3.80 

237. 

+ 

J 

376. 

4.6 

+ 

4 

0,8 

7.20 

639. 

- 

j 

840. 

15.7 

- 

j 

51.6 

10.10 

404. 

- 

j 

653. 

3.3 

+ 

j 

4.5 

14.20 

676. 

- 

j 

595. 

10.7 

«• 

j 

33.0 

18.15 

94. 

- 

J 

118. 

50.2 

+ 

j 

25.9 

21.30 

344. 

- 

J 

261. 

12.3 

- 

j 

21.2 

24.95 

231. 

- 

j 

347. 

15. S 

+ 

j 

36.1 

28.50 

290. 

- 

j 

197. 

9.3 

- 

j 

11.3 

Error  function  U  =  3,675 


circuit  of  Figure  2. 


v.  conclusions 

The  exercise  described  by  Table  7's  data  indicates  that 
Impedance  measurement  on  unsymmetrical  antennas  should  be 
conducted  remotely,  through  a  section  of  transmission  line,  and 
then  properly  interpreted. 

Actual  operation  of  a  similar  antenna  over  a  period  of  some 
months,  as  well  as  this  study,  suggests  that  the  feed 
line/balun  configuration  of  Figure  2  is  preferable  over  that  of 
Figure  3.  Although  the  outer  conductor  of  the  coaxial  lines 
is,  in  theory,  a  part  of  the  antenna,  it  has  been  found  that 
its  involvement  is  negligible  when  the  coax  is  run  away  from 
the  antenna  feed  point  at  right  angles. 

For  prediction  of  matching  network  component  requirements 
at  the  transmitter,  it  turns  out  that  the  results  from  Tables  4 
and  <5  are  equally  acceptable.  In  this  particular  case,  the 
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extra  time  and  effort  to  Include  non-ideal  ground  effects  were 
unnecessary.  However,  once  the  antenna  system  is  matched  and 
driven,  radiation  patterns  become  of  interest.  Operational 
experience  makes  it  clear  that  ground  presence  has  a  profound 
effect  on  the  radiation  patterns,  and  accounting  for  imperfect 
ground  will  be  a  significant  factor  In  future  characterization 
of  the  antenna's  radiation  properties. 

The  antenna  is  badly  mismatched  at  all  the  target  operating 
frequencies.  At  the  same  time,  it  provides  Impedances  which 
were  easily  matched  with  two  different  commercial  tuners,  the 
HFJ  models  HFJ-941D  and  the  KFJ-989B.  Its  communications 
effectiveness  is  surprisingly  competitive.  Because  its  size  is 
small  compared  to  1/2  at  1.9  KHz,  its  performance  is  somewhat 
less  than  desired  at  that  particular  frequency.  Communications 
effectiveness  may  be  described  as  excellent  from  3.9  through 
14.2  KHz,  except  10.1  Khz.  It  is  quite  effective  at  10.1  and 
18.15  through  28. S  KHz,  although  comparisons  to  a  vertical 
antenna  with  16  ground  radlals  generally  favor  the  vertical.  A 
future  investigation  will  consider  the  radiation  patterns,  in 
particular  the  potential  benefits  at  10. 1  and  la. 15  through 
28.5  KHz  from  operating  this  multiband  antenna  at  greater 
elevations  above  ground. 
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Abstract 

The  often  used  analogy  between  dipole  antennas  and  transmission  lines  has  been  exploited 
for  the  analysis  of  unloaded  and  loaded  dipole  antennas.  The  dipole  is  modelled  as  a 
non-uniform,  lossy  transmission  line  using  short  segments  of  line.  The  empirically 
determined  line  scries  resistance  component  is  used  to  take  radiation  effects  into  account. 
The  length  of  the  transmission  line  is  also  adjusted  slightly  to  compensate  for  the  different 
fields  generated  by  dipole  antennas  in  comparison  to  transmission  lines. 

The  theory  at  the  moment  allows  the  analysis  of  dipoles  with  thickness  factors  between  115 
and  20.  The  impedance  and  efficiency  of  two  loaded  antennas  are  presented  given  in 
comparison  to  NEC2  results.  The  accuracy  obtaine  arc  quite  sufficient  for  initial  evaluation 
and  especially  optimization.  'Die  method  is  also  orders  of  magnitude  faster  than  method  of 
moment  techniques  since  computer  time  is  proportional  to  number  of  segments. 

Keyword  Index 

Cylindrical  dipoles,  loaded  dipoles,  loaded  dipole  Impedance,  loaded  dipole  efficiency, 
transmission  line  method 

1  Introduction 

Loaded  antennas  are  of  considerable  interest  since  suitable  loading  may  result  in  broadband 
pcrfomuncc  for  simple  wire  antennas.  A  particular  frequency  band  where  broad  band 
performance  is  of  importance  is  the  HF  band  (3  ■  30  MHz)  where  ionospheric  variations  and 
other  channel  selection  criteria  dictate  frequency  variations  for  effective  communication  links. 
Usually  broadband  antennas  are  also  made  electrically  thick  to  exploit  the  inherent  increased 
bandwidth  of  thicker  antennas.  This  is  often  achieved  using  two  or  more  parallel  thin  wires  to 
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emulated  a  thicker  structure  but  for  analysis  purpose*  a  single  thick  wire  produce*  the  same 
result*  (ClarkSiFeurte').  Loading  are  also  often  used  to  produce  multi-band  antenna*  and  for 
applications  where  the  designer  attempt*  to  modify  the  current  distribution  to  hi*  benefit. 

In  order  to  design  and  optimise  these  antennas  a  large  number  of  different  toads  as  well  a*  their 
position  on  simple  dipole  antenna*  have  to  be  experimented  with.  Each  of  these  configurations 
must  then  be  evaluated  over  the  full  frequency  range.  Usually  such  dipole  antennas  arc 
approximately  half  a  wavelength  long  at  the  lowest  frequency  implying  an  electrics)  length  of 
5  wavelengths  at  the  highest  frequency.  Using  the  method  of  moment*  programs  which  are 
suitable  for  the  analysis  of  wire  antennas  the  time  ta'  en  to  obtain  a  solution  at  one  frequency  is 
proportional  to  the  wire  length  in  terms  of  wavelength  squared  and  cubed.  This  clearly  results 
In  a  very  time  consuming  evaluation  cycle  for  these  antennas  since  matrix  fill  and  Inversion  is 
necessary  for  every  frequency. 

in  this  paper  the.  frequently  used  analogy  between  dipole  antennas  and  transmission  lines  are 
examined  with  the  view  to  develop  a  fast  method  for  evaluating  loaded  dipoles.  The  absolute 
accuracy  of  such  a  method  is  not  of  ultimate  importance  since  the  intention  is  to  use  it  to  speed 
up  the  iterative  dc*ign  cycle,  A  method  of  moments  technique  may  still  be  used  to  accurately 
evaluate  the  final  dcsign.Tbcaim  was  thus  to  obtain  reasonable  accuracy  and  faithfully  reproduce 
trends. 

2  Model  Formulation 

The  loaded  dipoles  of  interest  in  practical  situations  arc  usually  cylindrical,  or  tie  cylindrical 
equivalents  of  other  configurations. 

SckelkunoJJ derived  the  theory'  for  cylindrical  antennas  by  starring  with  the  the  conical  dipole. 
This  antenna  is  equivalent  to  a  transmission  line  with  constant  characteristic  impedance.  The 
effect  of  radiation  is  dearly  not  accounted  for  when  considering  the  antenna  as  a  uniform 
transmission  line  but  Schdkunoff  tumped  tlicsc  effects  together  in  a  terminal  impedance  to  the 
intuitively  open  circuited  line.  To  obtain  a  method  suitable  for  cylindrical  dipoles,  where  the 
transmission  line  parameters  is  dearly  not  constant,  Schelkunoff  used  average  values  for  these 
parameters.  With  the  aid  of  modem  computational  aids  it  is  mote  elegant  to  treat  the  cylindrical 
antenna  as  an  incremental  conical  antenna  ;  that  is  one  in  which  Zt  changes  gradually  with 
distance  from  the  feed.  This  local  Z,(/i)  could  then  be  used  for  small  increments  along  the  wire 
over  which  it  could  be  assumed  constant. 
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Jn  this  model  the  radiation  effects  are  lumped  tow  the  red  pan  of  the  terminating  impedance, 
which  it  sufficient  for  the  evaluation  of  unloaded  dipoles  but  will  clearly  be  invalid  the  loaded 
case.  Sehclkunoff  indicated  that  the  antenna  could  be  considered  as  multiple  transmission  lines 
with  the  radiation  represented  as  series  resistance  in  the  line  but  never  developed  the  theory  for 
this  case.  A  novel  method  of  doing  so  will  now  be  developed  using  the  non-ur, iform,  lossy 
transmission  line  shown  in  Fig  1 . 


h  ♦  h  ec 


Fig  1  The  non-uniform  lossy  transmission  line  model  of  »  dipole  antenna  of  length  t  =  2h 


Clearly  this  model  requites  the  use  of  the  general  lossy  transmission  line  equation  with  the  steps 
indicated  below : 


2.(0  =  2.(0 


2,0+0  +  Z,(i)unhwm} 
2,(0  +  3(/+l)<anh(-K0AA]J 


This  equation  solved  N  times  (for  i  ■  N ..  1)  yields  2j(i)  -  the  input  impedance  where  N  is  the 

number  of  segments.  It  should,  be  noted  that  the  terminating  impedance  is  a  open  circuit  and 
the  line  length  is  adjusted  by  hM  to  take  into  account  the  fringing  at  the  dipole  end  points.  The 
radiation  that  takes  place  is  taken  into  account  by  the  series  resistance  incorporated  into  this 
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transmission  line  model,  This  series  resistance,  R'(kth)  Is  constant  for  the  line  at  any  one 
frequency  bur  is  a  funcrion  of  Kh  ■  2rJ-,0>  ami  therefore  varies  with  line  electrical  length  and 
hence  frequency. 

If  loads  are  present  in  the  dipole  these  arc  added  to  the  line  impedance  at  the  segment  in  which 
they  occur.  For  instance  a  lead,  2,  in  segment,  k  from  the  feed  will  modify  2,(t)  to  become 
*(*)+*•* 

The  value  of  the  variable  characteristic  impedance,  2,(1),  is  calculated  from  First  principles  to 
be: 


Similarly  the  propagation  coefficient,  Y (0,  is  given  by : 
t{S)  n  SIZWT) 


with  impedance  per  unit  length,  2!(1)  and  admittance  per  unit  length,  Y’(i),  given  by; 

Z'(/)  =»  H'(kth)  +  M'(0  CUm 

HO  «  ;toC’(0  Sim 

assuming  cross  conductance  G*  to  be  zero, 
where: 

mO  «  ~  In  Him 

C’(0  =  l^j^j  Flm 

Values  for  R'(k,h)  as  well  as  for  is  required  to  use  the  model  above.  These  parameter? 

were  determined  empirically  for  different  thickness  dipoles  using  the  reputable 
King  - Ho/ risen 1  data.  The  values  thus  found  graphically  shown  in  Figs  2  and  3. 
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•  12.5  •  tS  *  17.S  *  20 


The  K  '(ty»)  results  sho*vn  arc  for  h  ■  23.2  in  and  must  be  modified  10  die  actual  haWcnjth  h 
in  order  to  use  for  different  length  antennas.  The  equation  to  do  so  is : 
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w  t  *  *  i - s - 1  ; - t - f - * - t - 1 - 1 - r - i 

1  3  5  7  9  11  13  15 

keh  v»!v*t  (2‘pt‘hiW»v«l«fts2') 

■  115  «  15  *  17.5  *  20 

Kig  3  The  h*,  values  for  different  thickness  dipoles 
tt'(k>h)^"R\koh)-  23.2 Jh^ 

These  empirically  determined  parameters  arc  quite  “noisy"  due  to  the  fairly  sensitive  iterative 
procedure  used  to  determine  them.  This  docs  noi  present  serious  problems  however  and  still 
ensures  reasonable  results.  An  obvious  solution  to  this  problem  is  to  smooth  these  curves  using 
digital  filtering  techniques  which  will  certainly  give  them  a  better  appearance. 

Once  the.  transmission  line  parameters  are  known  for  a  non-uniform  line  the  current  distribution 
could  be  calculated  using  standard  transmission  line  equations  on  a  segment  by  segment  basis. 
This  allows  for  the  efficiency  to  be  calculated  if  all  losses  are  assumed  to  occur  in  the  lumped 
loads  (see  Appendix  A).  Skin  effect  losses  due  to  finite  conductivity  of  the  dipole  elements  may 
also  be  taken  into  account  by  considering  them  to  be  discrete  loads  at  every  segment.  'Hie  resul  ts 
presented  in  this  document  assumed  perfect  conductors  however. 
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3  Results 

To  Indicate  the  accuracy  of  results  foe  unloaded  dipoles  impedance  values  of  a  dipole  with 
thickness  factor,  ft«2-ln(2A/a)«  15  arc  shown  in  figs  4  and  3  below  in  comparison  to  the 
King-1  tamson  results. 


2  c  10  w  t»  22  2«  30 

frtqwncy  (MHi) 

•  Kinj4W*on  «  lett/Un* 


Fig  4  The  resistance  of  a  dipole  with  thickness  factor  of  IS  as  drier-mined  by  the  Lossy 
Line  method  compared  to  King-Harrison  results 

These  curves  show  good  correlation  between  the  lossy  line  method  and  other  theoretical  results. 
Loaded  dipoles,  however  of  more  interest  and  the  well  known  Altshuler*  type  antenna  of 
thickness  factor  KL5  will  be  considered  next.  This  antenna  was  scaled  to  a  total  length  of  46  m 
with  330  Ohm  loads  placed  15  J  m  from  the  feed  as  shown  in  Fig  6. 
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Fig  5  The  reactance  of  a  dipole  with  thickness  factor  of  15  as  determined  by  the  Lossy  Line 
method  compared  to  Klng-Harrison  results 

The  input  impedance  and  efficiency  results  for  this  antenna  arc  shown  in  Figs  7,  8  and  9  with 
NEC  results  included  for  comparison. 
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fttttwncy  (MHj) 

■  LotiyUn*  •  NEC 

Fit; 8  input  reactance  of  the  Altshuler  type  antenna  in  comparison  to  NEC2  results 

A  previous  attempt  at  a  Lossy  Line  model  ( Fourle *)  caused  problems  when  a  number  of  loads 
arc  included  in  a  structure,  especially  if  these  included  reactive  components.  The  antenna  in  Fig 
10  ( Clark  Fourie')  was  therefore  analyzed  as  a  single  thick  dipole  in  accordance  with  the 
thick  wire  emulation  theory.  For  the  wire  spacings  shown  an  equivalent  radius  of  0.13  m  is 
appropriate. 
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Fig  9  Efficiency  of  (be  Altshuler  type  antenna  in  comparison  to  NEC2  results 


FmOmm nW 
(MOrmFtx) 


LS2£AU 

Fig  10  A  multi-loaded  antenna  used  to  evaluate  the  Lossy  Line  method. 
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VSWR  and  efficiency  result  forth!*  antenna  it  shown  in  Figs  1 1  and  12, 


3  S  7  9  U  13  IS  17  19 

Fftq(MHr) 

•  NEC  •  lo«y  Un* 


Fig  11  The  VSWR  of  the  multi-load  antenna  in  comparison  to  NEC  results 

These  results  indicate  the  Lossy  Line  Model  to  be  very  successful  and  even  the  absolute  values 
in  most  eases  are  a  good  approximations  to  the  referenced  results.  Efficiency  results  gives  an 
indication  of  the  accuracy  of  the  current  distribution  obtained  using  the  Lossy  Line  method. 


•  NEC  ■  lotiyUfl* 


Fig  12  The  Efficiency  or  the  multi-load  antenna  in  comparison  to  NEC  results 

4  Conclusion 

The  exploitation  of  the  analogy  between  transmission  lines  and  dipole  antennas  resulted  in  a 
suitable  method  for  fast  analysis  of  loaded  dipole  antennas.  The  computer  time  required  to  obtain 
a  solution  is  proportional  to  the  number  of  segments  the  wire  is  divided  into.  6  segments  per 
wavelength  of  dipole  produced  converged  results  for  the  cases  shown  above.  Tins  compares 
very  favourably  with  method  of  moment  codes  where  more  segments  per  wavelength  are 
normally  required  and  the  processor  time  is  proportional  to  the  number  of  segments  squared 
and  cubed.  An  evaluation  of  a  loaded  antenna  such  as  the  ones  considered  here  requires  56 
minutes  to  evaluate  over  the  HF  range  whereas  the  Lossy  line  method  accomplishes  the  same 
evaluation  in  about  0.5  minutes  on  an  IBM  PC  AT  running  at  10  MHz.  Tills  is  clearly  significant 
for  design  and  optimization  purposes. 

Appendix  A  Current  distribution  and  efficiency 

The  current  at  a  distance  from  the  generator,  x,  on  a  uniform  lossy  transmission  line  of  length. 
1,  and  terminated  in  a  load,  ZL ,  is  given  by  the  equation : 

.  . ,Q. f ZaCQsh(-|</ -^sinhW -*))! 

1  1  Zjcoshfy/) + Zt  sinh(y/)  J 
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This  equation  could  then  be  used  Incrementally  to  solve  for  the  current  distribution  on  the  more 
general  non-uniform  line. 

If  the  current  at  the  feed,  1(0),  is  taken  for  convenience  to  be  l  A,  then  the  current  at  any  point, 
|,  on  die  line  could  be  determined  by  applying  the  above  equation  to  each  incremental  piece  of 
transmission  line  with : 

/■X*AA 

This  yields: 

/  (1)2,17) 

/</  +  1)“2,(()coshW/)M)+Z((/  +  l)sinh(TK/)Ah) 

The  determination  of  Z?  is  discussed  in  the  tttain  part  of  this  text.  When  loads  are  present  in 

the  transmission  line  2,  is  modified  as  discussed  before.  After  this  process  has  been  repeated 
for  all  segments  1  to  N  the  complete  current  distribution  is  known.  The  efficiency  could  then 
simply  be  calculated  by  calcuting  the  input  power,  P,„  and  the  power  dissipated  in  the  loads, 
Pl: 


2 


PL*2X 


fk\mj 


where  k  is  the  segment  containing  a  load,  2L~RL+JXL  in 
each  wire.  The  efficiency,  t)  ,  is  then  given  by  the  equation : 

(Pu-Pt) 

— p — 

“it 
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VERIFYING  THE  RELATIONSHIPS  IEWEEN 
AH  BROADCAST  FIELDS  AND  TONER  CURRENTS 


JiMS  6.  HUfield 

Huff  old  md  Dtwson  Consulting  Cnginttrs 
4226  -  6th  Avenue  Northwest 
Seattle,  VA  98107 


AtUtlCl 

Iht  relative  lltld*  irtm  tht  Individual  (Mtl  al  an  M 
braadcaat  directional  drrty  can  bt  related  la  the 

velteftt  at  tht  Watt  il  tK«  IM'i  that  art  necetiary  It 
crtttt  theat  Held*.  the  Wat  vahatta  art  wood  at  taurrtt 
(at  a  aadltled  vtralao  at  Klnlrwc  III.  the  t*»ar  Wat 
currenli  caeputed  by  nlnlntc  III  (at  theen  te-tr  Wat 
valiaftt  art  wad  it  edjwot  the  array  al  tweri  at  that  tKa 
correct  tar  Held  petttrn  la  achieved. 

In  tht  pan.  pattered  lor  A*  directional  arraya  have  Wan 
brought  Inic  edjwitatnt  by  a  proem  af  trial  and  terer, 
lhe  nlnlntc  calculation  procedure  can  reduce  tht  aawit  al 
lltld  work  that  II  required  to  product  a  proparly 
(mctlonlnf  AM  dlrtctlonal  anttnna  lytm. 

Vt  Kart  uted  tht  technique  to  adjutt  a  variety  al  AM  arraya 
In  tht  put  year.  Adjuitaenti  art  aadt  to  that  tht  rotative 
bait  current!  al  the  towtrt  art  at  tht  conputtd  value*, 
tranaaliilon  llraa  art  properly  ttrnlnaled,  and  lltld 
•ttturtntnlt  art  conducted  without  any  lurthtr  adjuataantt. 
In  alt  caltt  to  tar,  where  re-radlatln*  object*  art  net 
prtatnt,  tht  rtiultlni  aeaturtd  patttrni  have  bttn  within 
the  loltranctt  al  tht  ICC. 
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INTRODUCTION 


AN  (Amplitude  Modulation)  standard  broadcast  stations  operate  In  the 
U.S,  in  the  medium  frequency  band  between  510  and  1600  kiloHertz. 
They  frequently  use  directional  antennas  consisting  of  arrays  of 
vertical  radiators  (towers)  to  allow  operation  without  violating  the 
interference  rules  of  the  FCC  (Federal  Communications  Commission). 
Simplified  mathematical  expressions  have  been  used  since  the  1930's 
to  calculate  the  directional  patterns  for  the  electric  fields 
radiated  from  these  arrays.  There  have  not  been  mathematical 
expressions  that  could  accurately  relate  the  drive  voltages  at  the 
bases  of  the  towers,  or  the  tewer  currents,  to  the  far  field 
radiation  pattern.  The  only  practical  way  to  calculate  far  field 
pattern  shape  has  been  to  add  the  contributions  to  the  far  field  of 
the  radiation  from  the  individual  towers. 


FCC  DIRECTIONAL  ANTENNA  PATTERN  FORMULA 

Parallel  ray  geometry  combined  with  the  orientation  and  spacing  of 
the  towers  is  used  to  compute  AH  directional  antenna  pattern  shape. 
The  electrical  constants  used  for  calculating  the  pattern  shape  are 
the  relative  magnitudes  and  phases  of  the  far  field  contribution  of 
the  radiation  leaving  each  tower  and  a  factor  used  to  specify 
pattern  size.  The  electrical  and  physical  array  constants  that  are 
used  in  the  expression  for  calculating  AH  direction  antenna  pattern 
shapes  from  parallel  ray  geometrical  assumptions  are  called  "Field 
Parameters*.  The  FCC  requires  that  the  0A  (Directional  Antenna) 
horizontal  plane  pattern  be  computed  according  to 

E,h-  A  Co«(V**  ♦  +..■  F,/sn  Cos (♦„-♦)♦»„  ] 

where:  E<(l  Inverse  distance  far  field 

at  one  kilometer 

k  Pattern  size  constant 

fn  Field  ratio  of  tower  "n* 

Sn  Spacing  of  tower  'n*  in  degrees 
from  reference  point 

♦n  Orientation  of  nth  tower  from 
reference  point 

♦  Orientation  of  observation  point 

*„  Phase  angle  of  tower  *n" 

(See  Figure  One) 


Operating  impedances  and  pattern  size  arc  calculated  usirvg  'Loop 
Currents'.  Currents  flowing  In  the  towers  are  assumed  to  have 
sinusoidal  distributions.  The  'Loop*  Is  located  at  the  point  of 
maximum  current  on  the  tower.  The  relattve  magnitudes  (ratios)  and 
phases  of  the  Loop  Currents  of  the  various  towers  were  assumed  to 
be  the  same  as  those  of  the  fields  of  the  towers.  (The  FCC  DA 
pattern  formula  uses  the  relative  magnitude  of  the  field  from  the 
tower  and  the  phase  angle  of  the  current  'Loop*  of  the  tower  as 
though  the  tower  currents  and  fields  were  synonymous.) 

The  magnitudes  and  phases  of  the  loop  currents  are  measured  by  the 
antenna  monitor  and  sample  system  that  are  installed  at  AH 
directional  arrays  by  requirement  of  the  FCC.  A  substantial 
percentage  of  AH  directional  arrays  in  the  U.S.A.  use  towers  that 
are  a  quarter  wave  or  less  In  physical  height  with  the  current  loop 
.at  the  base  of  the  tower. 


HOW  OA  ARRAYS  HAVE  BEEN  AOJUSTED 

All. AH  directional  antennas  in  the  U.S.  must  be  adjusted  so  that  the 
field  Intensities  of  their  measured  patterns  are  loss  than  the  field 
Intensities  of  the  Standard  Pattern  at  all  azimuths.  Interference 
and  protection  from  interference  are  determined  using  the  Standard 
Pattern.  The  Standard  Pattern  Is  calculated  from  the  Theoretical 
Pattern  (described  above)  according  to 

E.u  -  I-**  W*)*  +  (Q)1)  ' 

where  E..^  «  Standard  Pattern  Field 
E^  «  Theo.  Pattern  Field 
q  ■  Tolerance  Factor 

When  adjustments  are  made  to  the  phasing,  power  division  and 
matching  networks  that  are  used  to  control  the  station's  Directional 
Antenna  pattern,  the  currents  measured  by  the  antenna  monitor  are 
set  to  the  field  parameter  ratios  and  phases.  In  most  cases  this 
is  just  the  starting  point  in  the  procedure  that  is  used  to  create 
the  correct  pattern  for  the  directional  array.  The  correct  pattern 
is  not  usually  achieved  when  the  antenna  currents  are  set  to  the 
field  parameters  because  the  field  contribution  of  each  radiator  is 
not  exactly  proportional  to  the  loop  current.  Great  emphasis  is 
placed  on  pattern  minima  since  they  ire  used  to  supress  radiation 
in  those  directions  where  interference  could  be  created.  The 
radiated  field  intensity  is  monitored  in  the  direction  of  the  miniaa 
(frequently  called  'Nulls'  even  though  the  theoretical  pattern  field 
does  not  go  to  zero)  while  adjustments  are  made  to  the  DA  array. 
This  trial  and  error  procedure  continues  until  the  field  intensities 
in  the  nulls  are  within  the  Standard  Pattern. 
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USING  MiNINEC  TO  RELATE  TOWER  FIELDS  TO  TOWER  CURRENTS 

The  trial  and  error  procedure  that  is  used  for  this  adjustaent  of  AM 
directional  arrays  can  be  greatly  reduced  oc*  eliainated  in  aany 
cases.  The  current  or  voltage  at  the  base  of  a  tower  can  be 
linearly  related  to  the  field  froa  that  tower  by  using  the  faailiar 
*N“  port  adaittance  and  iapedance  paraaetcrs.  for  base  currents  a 
aatrix  can  be  foraed  froa 


Ej/ic,  »  V.  »  +■ 


For  the  base  voltages  we  have 


V k,  •  l,  *  V,(Y„)  +  Vj(Y,j) 

Where  Et  is  the  field  froa  tower  one,  the  Y's  are  the  self  and 
twtual  admittances  and  the  k's  are  the  constants  of  proportionality 
between  the  fields  and  base  currents  and  voltages  of  the  towers. 
For  Kininec  we  want  the  base  drive  voltages  so  we  will  liait 
ourselves  to  the  adaittance  parameters. 


For  Mininec  the  Far  Zone  E-Field  is: 

ft 

F(R) 


flRI  * 

jkn  e' 

4*  R 

where 

f  |!f|  -  f  ' 

where 

Ji 

R  -  r/|r| 

T(s)e',k*,r 

•  i 


“>ds 
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for  an  array  ef  vertical  radiators  the  T  component  of  the  far  ion* 
E  field  in  the  horizontal  or  X/Y  plane  can  be  approximated  as 


C,  -  K,  l(s)  ds 


(where  L  is  over  tht  length  of  the  vertical  radiator) 


since  the  tents  in  the  acre  complete  expression  are  approximately 
the  same  for  ail  the  towers  in  the  array  for  great  distances  in  the 
horizontal  plane.  This  says  that  the  far  field  from  a  lower  in  a 
vertical  array  is  proportional  to  the  summation  of  the  current 
accents  for  that  tower.  And  for  Hininec  this  would  be 

C,  XI (As). 

Where  As  is  the  segment  length  and  !  is  the  current 
associated  with  segment  length  (As). 

The  expression  used  to  form  the  aatrix  is 

.  K./k2  2! (As)  -  V,(Y„)  a  V,(Y„). 

If  we  define  Y11<kJ/K#)  »  T„  and  Y^kj/KJ  •  T12  we  have 

E,/k.  -  XI (As)  -  Y,(T„)  4  V?(T,j). 

Since  we  are  interested  in  the  field  parameters  relative  to  a 
reference  tower  we  have 


f,  - 


XIa(As2) 

I!,(As,) 


Where  F2  ■  Field  ratio  and  Phase  of  tower  IZ 


PRACTICAL  IMPLEMENTATION  Of  THE  TECHNIQUE 

Hariabeth  Silkey  has  modified  the  Mininec  program  to  list  the  sums 
of  the  current  moments  for  each  wire  and  the  field  parameters  as 
their  complex  ratios  relative  to  tower  (wire)  one.  (See  Figure  Two) 
To  compute  the  "T*  transfer  parameters  the  towers  are  driven  one  at 
a  time  with  one  volt  at  the  base  segment.  The  *T*  parameters  In  the 
matrix  column  with  non*zero  voltage  are  then  equal  to  the  respective 
tower  current  moment  summation.  The  aatrix  that  is  formed  from  the 
equations  relating  the  field  parameters  to  the  base  segment  drive 
voltages  (F,  -  1  -  V,(T„)  +  V2(T,2)...,  F,  «  V,(T21)  4  V2(T22)...etc.) 
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is  inverted  to  find  the  base  drive  voltages  for  Hininec  that  give 
the  correct  pattern.  The  current  pulses  (taken  from  the  listed 
Hininec  output  currents)  for  the  wire  segments  closest  to  the  towtr 
height  where  the  antenna  current  is  sampled  give  the  correct  relative 
adjustment  parameters.  The  array  is  then  adjusted  so  that  the 
antenna  monitor  indicates  those  ratios  and  phases. 


MEASURED  RESULTS 

He  have  adjusted  several  directional  antennas  using  this  technique 
without  having  to  resort  to  trial  and  error  field  adjustment.  I 
will  discuss  three  examples,  in  all  three  examples  antenna  currents 
were  monitored  at  the  bases  of  the  towers.  Figures  3,  4.  and  S  show 
the  measured  and  standard  horizontal  plane  patterns  of  the  three 
stations. 

A  two  tower  array  with  unequal  height  towers  (0.36A  and  0.18A)  that 
had  inductive  loading  at  the  center  of  the  taller  tower  was  modeled 
using  Hininec  HI.  After  computing  the  correct  base  current 
parameters  it  was  necessary  to  apply  a  correction  to  account  for  the 
interaction  of  the  tower  base  impedance  with  the  base  insulator 
capacitance.  The  impedance  of  the  tall  tower  was  quite  high  while 
the  impedance  of  the  short  tower  was  almost  two  orders  of  magnitude 
lower  than  the  capacitive  reactance  of  the  base  insulator.  Therefore 
a  correction  had  to  be  applied  only  to  the  taller  tower. 

Neither  the  inductance  of  (he  coll  at  the  center  of  the  tall  tower 
nor  the  capacitance  of  the  base  Insulator  were  known  or  easily 
measurable.  Measured  Impedances  on  both  towers  wern  avail  able  that 
were  made  with  the  inductive  loading  and  the  bases  of  the  towers  in 
a  variety  of  open  and  short  circuit  configurations.  The  load 
inductance  at  the  center  of  the  tall  tower  and  the  capacitance  of 
the  base  insulator  at  the  tall  towers  were  adjusted  in  the  model 
until  the  computed  Hininec  values  matched  the  measured  values.  When 
the  array  was  adjusted  to  the  computed, base  current  parameters  (the 
field  ratio  and  phase  angle  of  the  \tall  tower  were  0.83  and  -34 
degrees  while  the  antenna  monitor  rttio  and  phase  angle  for  this 
tower  were  0.11  and  -9.5  degrees;  the  measured  operating  base 
impedances  were  close  to  the  predicted  values  and  the  measured  fields 
were  within  the  Standard  pattern  (figure  Three). 

An  equal  height  Q.Z4A  three  tower  'dog  teg'  (not  in  a  line)  array 
was  adjusted  to  the  base  current  parameters  computed  from  the  Hininec 
procedure.  The  field  ratios  and  phases  of  the  end  towers  were  0.P7 
and  -62.2  degrees  and  0.348  and  488.4  degrees  while  the  computed 
antenna  monitor  parameters  were  0.85  and  -77.3  degrees  and  0.358  and 
496  degrees  respectively.  The  results  are  shown  in  Figure  Four. 

An  unequal  height  (two  towers  0.25X  and  two  towers  0.21X)  four  tower 
parallelogram  array  (towers  located  at  the  corners  of  a  parallelogram 
in  the  horizontal  plane)  was  adjusted  according  to  the  Hininec 
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procedure.  The  non-referente  tall  tower  hid  computed  monitor  ratio 
and  phase  that  were  3%  and  2  degrees  higher  than  the  field 
parameters.  One  of  the  shorter  towers  had  antenna  monitor  ratio 
and  phase  that  were  3W  and  fi.S  degrees  higher,  respectively,  than 
the  field  ratio  and  phase.  The  other  short  tower  had  computed 
monitor  ratii  and  phase  that  were  25X  higher  and  3,7  degrees  more 
negative,  respectively,  than  the  field  ratio  and  phase  for  that 
tower.  The  measured  and  Standard  Pattern  for  this  jrray  are  shown 
In  Figure  Five. 


DETUNING  TOWERS 

Our  success  In  adjusting  AH  directional  arrays  using  tower  bas* 
current  parameters  computed  from  the  Hlnlnec  Ill  current  moment 
summations  and  the  field  parameters  has  led  us  to  use  the  procedure 
for  all  of  our  AH  directional  antenna  work.  In  those  cases  where 
nearby  conducting  objects  such  as  buildings  or  power  transmission 
towers  and  lines  cause  scattering  and  re-radiation  of  the  incident 
fields  we  have  had  some  success  in  pattern  adjustment  using  the 
procedure.  When  we  have  been  able  to  realistically  model  the  towers 
and  re-radiating  objects  pattern  minima  have  been  brought  below  the 
standard 'pattern.  Ir.  two  specific  cases  the  pattern  minimas  were 
brought  within  tolerance  when  the  arrays  were  adjusted  to  the 
computed  base  current  parameters.  In  two  other  situations  we  were 
not  able  to  define  the  situation  well  enough  to  make  an  adequate 
model. 

We  have  successfully  detuned  two  towers  in  an  AH  array  to  allow 
omni-directional  operation  from  a  third  tower.  The  magnitudes  of 
the  field  parameters  of  the  towers  to  be  de-tuned  were  set  at  10‘* 
and  the  computed  base  drive  voltages  that  produced  these  fields  were 
applied  to  the  Hininuc  model  of  the  array.  The  impedances  of  the 
de-tuned  towers  in  the  driven  array  were  computed  by  Hininec.  The 
real  part  of  the  impedance  was  typically  two  orders  of  magnitude 
lower  than  the  imaginary  part.  Therefore  the  towers  can  be  detuned 
by  applying  the  conjugate  of  the  reactive  component  of  the  operating 
Impedance  obtained  from  Hininec  between  the  bases  of  the  towers  and 
ground  (when  towers  are  driven  by  base  voltages  that  cause  the  fields 
of  the  de-tuned  towers  to  be  10’*  of  the  field  from  the  tower  that 
is  not  de-tuned).  When  the  model  is  run  on  Hininec  with  the  grounded 
segments  loaded  with  the  de-tuning  reactances  some  degredation  of 
the  de-tuning  effect  is  observed  (compared  to  the  case  where  de¬ 
tuning  is  achieved  by  applying  base  drives),  however,  the  scattered 
fields  from  the  de-tuned  towers  are  still  several  orders  of 
magnitude  below  the  fields  from  the  tower  that  is  not  de-tuned. 
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CONCLUSION 


Field  parameters  were  devised  so  that  AN  directional  antenna  patterns 
could  be  computed.  A  realistic  method  to  relate  the  field  parameters 
to  tower  currents  and  tower  base  drives  only  became  possible  with 
the  advent  of  numerical  computer  techniques.  Method  of  moments 
procedures  are  not  perfect  for  all  AH  antenna  problems  but  they  are 
more  realistic  than  basing  one's  computation  on  assumed  sinusoidal 
current  distributions.  By  using  programs  like  NEC-3  and  Mininec  III 
AM  design  engineers  can  compute  base  current  parameters  for  AH 
directional  antennas  that  produce  measured  patterns  that  are  close 
to  the  calculated  patterns  and  are  within  the  limits  of  the  FCC 
standard  pattern.  These  results  take  much  longer  to  achieve  using 
trial  and  error  in  the  field. 
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FOUR-ELEMENT  MONOPOLE  ARRAY 


Charles  H.  "Chuck"  Vandaroent 
Rockwell  International,  Collins  Defense  Communications 
Advanced  Technology  ami  Engineering 
3200  E  Renner  Rd„  Richardson,  Texas  75080 

An  electrically  short,  closely  spaced  roonopolc  array  has  been  modeled  experimentally 
ajKl  numerically.  The  goal  of  ihis  experiment  was  to  sec  if  calculations  could  be  used 
to  economically  obtain  the  spacings  needed  to  achieve  specified  antenna  beamwidths 
with  an  established  feed  system .  The  nunterical  ntodel  used  a  combination  of  NEC- 
3(MOM)|  1 J  and  NEC-BSC(21.  Tire  size  of  lltc  array  was  restricted  by  tltc  requirement 
that  it  had  to  fit  in  an  existing  radomc.  Tire  four  elements  were  arranged  in  a 
square,  as  slwwn  in  figure  1,  and  fed  in  a  manner  to  produce  a  "unidirectional"  beam 
in  tlic  direction  of  one  of  lire  diagonals  of  tlte  square.  Tlie  antenna  was  to  be  used 
in  a  direction  finder,  switching  die  beam  for  rotation  in  ninety-degree  steps. 

The  frequency  was  near  one-gtgalrertz.  The  sides  of  the  square  were  0.3 1 
wavelengths,  and  the  freight  of  the  monopoles  was  0.095  wavelengths.  Hie  array  was 
mounted  on  a  4.0  wavelength  diameter  circular  counterpoise.  Round,  flat  disks  were 
used  as  top-fiats  on  each  of  the  monopoles  to  tune  them  to  resonance.  Tire  tuning 
procedure  was  an  iterative  “cut  and  try"  operation.  Tire  impedance  of  one  antenna 
was  measured  with  the  other  three  terminated  in  resistive  loads.  The  size  of  tire 
top-hats  and  the  resistance  of  the  loads  were  repetitively  adjusted  until  the  measured 
resistance  of  each  element  at  resonance  was  equal  to  the  termination  resistance  of 
the  other  three.  Tire  final  top-hat  radius  was  nearly  the  same  as  the  monopole 
height.  Tapered  line  transformers  on  printed  circuit  nuiterial  brought  the  feedpoints  to 
four  fifty-ohm  micro-coax  connectors  at  the  center. 

A  schematic  of  the  feed  system  is  shown  in  figure  2.  Tire  power-  splitters  were 
purchased  items,  but  the  delay  lines  were  made  in  the  laboratory.  'lire  coax  lengths 
were  adjusted  until  they  provided  four  signals:  one  at  0  degrees,  two  at  90  degrees, 
and  one  at  180  degrees  when  all  four  leads  were  laminated  in  50-ohm  loads.  It  was 
understood  that  this  phasing  would  not  hold  true  after  tire  leads  were  connected  to 
tire  untermas  due  to  the  mutual  impedance  effects  in  tire  array. 

The  patterns  of  the  array  were  measured  for  comparison  to  calculations  which  would 
come  later.  One  THETA-cut  was  measured  with  PHI  =  0-180  degrees.  Several  conical 
cuts  were  made  with  PHI  variable,  THETA  being  held  constant  at  several  angles 
between  65  degrees  and  105  degrees. 

The  computer  modeling  was  performed  by  "art  imitating  life",  within  the  limits  of 
the  computer  codes.  The  four  monopoles  were  modeled  in  NEC-3  to  get  tire  source 
data  for  the  BSC  code.  Both  programs  were  installed  on  a  CDC-CYBER  175  computer,  a 
large  fast  mainframe.  An  infinite,  perfectly  conducting  ground  plane  was  used  in 
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NEC-3.  E-'sh  monopolc  was  cut  Into  seven  segments  ami  eight  six-segment  radiate 
were  used  as  top-hats.  The  top-hat  mdials  were  tuned  to  resonance  following  the 
same  iterative  technique  as  the  experimental  model.  The  experimental  model  used 
transformer  to  get  tlie  impedance  back  to  the  50-olun  referetKe  value  of  the  test 
equipment  and  <he  prepared  feedlines.  That  was  noi  .necessary  in  tire  numerical 
model;  we  simply  cstablislied  a  14-ohm  referetKe  system. 

Feeding  the  phased  array  in  NEC-MOM  was  not  just  a  matter  of  putting  In  four 
excitation  cards  with  eq-.'nl  voltages  of  the  proper  phases.  Remember  that  the 
antenna  Impedances  were  tuned  to  some  resistive  value  while  the  other  elements  were 
terminated  in  the  same  value.  When  the  array  is  fed  with  different  phases  on  the 
four  elements,  the  mutual  impedances  change  the  input  impedances  and  the  currents 
are  modified  from  the  equal  amplitude,  equal  phase  conditions.  However,  in  this 
cose,  we  are  imitating  an  experimental  model  so  the  feed  tedtnique  was  relatively 
straight  forward.  A  Thevinen  equivalent  source  was  created  by  placing  a  resistive 
load  in  scries  with  the  feed-point  at  the  base  (center  of  bottom  segment)  of  each 
of  the  four  monopoles.  The  value  of  the  resistor  was  that  of  tire  reference  system, 
14-ohm$. 

A  short  FORTRAN  code  was  used  to  read  a  NEC-3  print  file  and  extract  the  "SM"  data 
for  entry  into  the  NEC-BSC  code.  The  "SM"  data  consists  of  the  total  input  power 
level  (watts).  And  for  each  segment,  it  requires  the  x-y-z  location  of  the  segment 
center,  its  length,  the  direction  of  the  segment  measured  in  azimuth  and  elevation 
angles,  and  the  amplitude  and  phase  of  the  current  in  that  segment.  The  BSC  code 
was  designed  to  take  these  values  in  a  format  readily  available  from  the  older  MOM 
code. 

Poets  are  allowed  to  use  poetic  license,  and  in  that  sense,  engineering  license  was 
used  on  the  model  at  this  point,  Only  thirty  "SM"  sources  are  permitted  in  the 
unmodified  BSC  code.  As  modeled  in  NEC-3  (MOM),  220  segments  were  used.  The 
choice  was  to  cut  out  a  lot  of  segments  or  modify  the  BSC  code  (increase  the 
dimensions  on  several  variables).  Wanting  to  keep  the  code  as  "original"  as 
possible,  it  was  decided  to  delete  segments.  Since  the  top  hats  are  not  supposed 
to  radiate,  they  were  simply  deleted  for  input  to  the  BSC  model.  It  was  recognized 
that  at  the  close  spacing  in  this  four-element  array,  the  currents  in  tire  top  hat 
radials  might  not  fit  the  nonradiating  condition  that  they  be  equal  in  amplitude 
and  phase  and  also  flow  in  tire  opposite  direction  from  their  counterparts  in  the 
center  point  symmetry.  In  fact,  the  currents  within  a  single  top  hat  varied  by 
0.12  dB.  Symmetry  did  exist  about  the  center  of  the  array;  top  irat  currents  going 
forward  from  the  front  element  matched  the  currents  going  aft  of  the  rear  element. 

The  current  amplitudes  and  phases  on  the  monopoles  were  set  (in  NEC-3),  so  the 
source  currents  as  used  in  the  BSC  model  did  not  go  to  zero  at  the  tops  of  the 
monopcles. 
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The  only  "adjustment'*  to  the  data  was  that  the  measured  pattern  gains  were 
normalized  to  fit  the  maximum  gain  point  on  the  counterpart  calculated  pattern.  We 
did  not  make  an  absolute  gain  calibration  of  tne  pattern  range,  so  the  measured 
patterns  are  consistent  only  within  each  pattern. 

Tltc  nine  patterns  presented  in  figures  *.l »  5  show  that  the.  calculated  and  measured 
patterns  match  quite  weii.  Note  tlun  the  first  pattern  is  «  great -circle  (elevation, 
or  THETA)  cut  and  tire  rest  arc  conical  (azimuth,  or  PHI)  cuts  at  different  THETA 
angles.  'Hie  major  lobes  of  tltc  patterns  fit  within  a  few  tenths  of  a  dB  between  tire 
■iO  dB  to  •  15  tl8  points,  lire  maxima  of  tire  sidejhaeklobes  fit  reasonably  well,  but 
there  seems  to  be  a  systematic  right-left  asymmetry  In  tire  backlobcs  of  the  measured 
patterns  (dashed  lines). 

‘lire  cotrehtsbn  was  that  numerical  modeling  eotild  be  used  to  predict  tltc  measured 
results  in  tire  significant  area  of  the  main  beam,  and  tltat  iterations  could  be 
performed  in  much  less  time  than  would  be  required  for  an  experimental  model. 

1  must  say  a  hearty  "thank-you"  to  Gilbert  Smoak  who  constructed  the  antenna  and 
tire  fccdlioes,  Mark  Montgomery  who  measured  the  patterns,  and  my  wife  Betsy  who 
digitized  the  measured  data. 
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AESIBACI 

One  of  the  nasi  contnonly  used  antennas  for  Global 
Positioning  System  (GPS)  applications  Is  the  quadrlfllar 
helix  antenna.  Since  the  positioning  accuracy  required  by 
many  GPS  users  Is  at  the  sub-centimeter  or  millimeter  lovol, 
It  has  become  Increasingly  Important  to  be  able  to 
accurately  model  the  amplitude,  phase  and  phase  contor 
characteristics  of  this  and  other  GPS  antennas. 

The  purposo  of  this  paper  Is  to  present  a  moment  method 
model  for  the  quadrlfllar  helix  antenna  and  to  discuss  somo 
of  the  problems  encountered  Implementing  the  model. 

Finally,  a  comparison  of  modelling  results  for  the 
quadrlfllar  helix  antenna  from  different  method  of  moments 
programs  will  be  presented  and  discussed. 


The  quadrlfllar  hul lx  (volute)  antenna,  shown  In  Figure 
t.  Is  one  of  the  most  commonly  used  antennas  for  Global 
Positioning  applications  owing  to  Its  small  size,  light 
weight  and  Its  circularly  polarized,  cardlold  shaped 
radiation  patterns.  This  antenna  consists  of  four  equally 
spaced  helical  conducting  arms  wound  In  air  or  on  a 
cylindrical  dielectric  support  member.  The  antenna  feed 
point  can  be  located  at  either  the  top  or  the  bottom  of  the 
conducting  arms.  Opposite  ends  of  the  conducting  arms  are 
short-circuited  or  open-circuited,  depending  upon  the 
operating  mode.  In  order  to  obtain  omnidirectional, 
hemispheric,  circularly  polarized  radiation  from  this 
antenna,  the  four  conducting  arms  must  be  fad  with  equal 
amplitude  sources  In  phase  quadrature. 
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Tho  goomotry  of  the  quadrl filar  hoi  lx  can  be  described 


L  -  n/^,<E  -  2R)*  - 

vhero  L  Is  the  axial  length  of  the  helix,  E  Is  the  element 
length,  R  Is  the  helix  radius  and  N  Is  tho  number  of  turns. 

The  quadrlfllar  helix  antenna  has  been  studied  In  depth 
experimentally  by  Kllgus  Cl, 2]  who  has  presented  dotal  led 
design  curves  and  Information  for  both  fractional-turn  and 
multi-turn  volutes.  Although  Kllgus*  data  provides  useful 
design  Information,  It  Is  both  costly  and  time  consuming  to 
build  experimental  antenna  models  to  dotermlno  amplitude  and 
phase  pattern  characteristics  for  different  designs.  Kith 
the  use  of  computer  modelling,  the  determination  of  the 
antenna  characteristics  Is  both  fast  and  cost-ef fectlvo. 

It  Is  tho  purpose  of  this  paper  to  present  moment 
method  modelling  results  for  the  quadrlfllar  helix  and  to 
discuss  some  problems  encountered  Implementing  the  models. 
Measured  and  computed  amplitude  characteristics  for  a  1/2- 
turn  a  l-turn  quadrlfllar  helix  antonna  will  bo  presented. 
Phase  data  for  tho  1/2-turn  volute  will  also  bo  presented. 


Jj,  . .MODEL LI  KG  IECMMJLQilES 

The  two  method  of  moments  programs  used  to  model  the 
quadrlfllar  helix  In  this  paper  aro  the  Numerical 
Electromagnetics  Code  (NEC)  [3D  dovoloped  by  G.  J.  Burke  and 
A.  J.  Pogglo  and  the  method  of  momonts  codo  developed  by  J. 
H.  Richmond  C4D«  Details  regarding  the  oxact  techniques 
used  In  oach  of  these  programs  to  determine  antenna  current 
distribution  and  radiation  patterns  will  not  be  discussed  In 
this  work.  These  details  can  be  found  In  the  appropriate 
reference. 

The  above  moment  method  programs  were  Implemented  and 
run  on  a  IBM-PC  compatible  computer.  The  PC  vorslon  of  NEC 
was  the  NEC2-PC  codo  distributed  by  ACES  and  the  PC  vorslon 
of  the  Richmond  codo  was  Implemented  as  an  Interactive  PC 
program  by  the  author. 

The  antenna  structure  Input  to  oach  of  tho  programs 
requires  division  of  tho  antonna  Into  small  wire  segments 
Joined  by  defined  Junction  points.  Accurate  modelling 
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rosults  were  obtained  for  the  quadrlfllar  helix  when  3  or  I 
segments  were  used  for  each  of  the  radial  wire  soctlons  and 
12  segments  wero  used  per  turn  for  each  of  the  four  helical 
arms. 


-MJ . THE_  t/2--tur n_QUADRi FILAR— HELLX 

The  l/2-turn  quadrlfllar  helix  modelled  here  has  an 
axial  length  of  3.053  Inches  (.317  wavelengths  at  GPS 
frequency  1.2,  1227.6  MHz}  and  a  radius  of  .5225  Inches  (.054 
wavelengths  at  L2).  This  antenna  was  designed  to  produce  a 
hemispheric  radiation  pattern  typical  of  l/2-turn  volufe 
antennas  CO> 

The  first  attempt  at  modelling  this  antenna  was 
performed  using  the  Richmond  code  where  each  hoi  leal  arm  had 
6  wire  segments  and  each  radial  arm  had  4  wire  segments.  The 
antenna  feed  point  was  located  at  tha  center  of  the  top 
radial  arms  while  the  bottom  radial  arms  wore  short  circuited 
at  their  central  connection  point.  Since  the  antenna  feed 
network  requires  two  equal  amplitude  sources  In  phase 
quadrature  the  top  radial  sections  wore  separated  by  I 
millimeter  to  accommodate  two  feed  locations. 

A  comparison  of  measured  and  computed  amplitude  patterns 
at  1227.6  MHz  Is  shown  In  Flguro  2a.  Although  the  comparison 
Is  good  In  tho  upper  hemisphere,  the  computed  pattern  Is  not 
symmetrical  and  the  results  are  not  accurate  for  modelling  of 
the  antenna's  radiation  pattern.  Since  tho  computed  and 
measured  results  did  not  agree  when  using  the  Richmond  code, 
an  attempt  was  made  to  model  the  seme  wire  configuration 
using  NEC.  These  results  are  presented  In  Flguro  2b  and  It 
can  be  seen  that  tho  computed  and  measured  patterns  are  In 
very  good  agreement  except  for  the  becklobe  characteristics. 
The  differences  between  tho  backlobe  structures  will  be 
discussed  shortly. 

Since  the  Richmond  moment  method  program  did  not 
properly  mode)  the  above  wire  configuration.  It  was  decided 
that  a  simpler  configuration,  such  as  a  blfllar  helix  antenna 
should  be  modellod.  The  blfllar  helix  antenna  consists  of  2 
helical  arms  Joined  at  tho  top  and  bottom  by  radial  arms. 
Fed  at  the  top  or  bottom,  this  antenna  produces  a  circularly 
polarized  dipole  shaped  radiation  pattern  CO.  Computed 
rosults  using  Richmond's  code  are  shown  In  Figure  3.  As  can 
be  seen,  the  computed  results  correctly  predict  the  amplitude 
pattern  for  the  blfllar  helix. 
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Since  the  computed  pattern  for  the  blfllar  helix  was 
accurate,  another  attempt  was  made  to  model  the  quodrlfllar 
helix  using  Richmond’s  code.  This  time,  however,  the  two 
orthogonal  blfllar  helices  In  the  quadrlfllar  helix  were  left 
physically  unconnected.  The  only  difference  between  this 
wire  configuration  and  tho  previous  configuration  was  that 
the  two  bottom  radial  arms  of  each  blfllar  helix  are  not 
short-circuited  at  their  central  connection  point. 

A  comparison  of  computed  and  measured  results  for  the 
modified  wire  configuration  using  Richmond's  code,  Is  shown 
In  Figure  4a.  From  these  results  It  can  bo  seon  that  there 
Is  excellent  agreement  between  the  computed  and  measured 
amplitude  patterns.  In  fact,  these  results  show  much  better 
agreement  between  computed  and  measured  patterns  than  the  NEC 
code.  The  same  wire  configuration  was  then  modelled  using 
NEC  and  these  results  are  presented  In  Figure  4b.  Using  this 
wire  conf Iguratlon,  there  Is  a  significant  Improvement  In  tho 
accuracy  of  the  computed  results. 

The  only  difference  between  the  computed  and  measured 
data,  for  both  NEC  and  Richmond's  code.  Is  In  flu*  antenna 
backlobe  characteristics.  The  moasured  pattern  has  a  doep 
null  at  an  observation  nngle  of  270  degrees,  while  the 
computed  patterns  have  an  amplitude  lobe.  Experimental  data 
from  Kllgus  [23  and  the  computed  output  from  NEC,  Indicate 
that  the  radiation  In  the  backlobe  Is  of  opposite 
polarization  sense  than  that  of  the  front  lobe,  le.  RHCP  Is 
predominant  over  most  observation  angles  while  LHCP  Is 
predominant  In  the  backlobe.  Since  the  experimental 
measurements  were  made  with  a  RHCP  source  the  presence  of  a 
back  lobe  was  undetected.  Further  experiments  with  both  RHCP 
and  LHCP  sources  show  the  presence  of  a  LHCP  backlobe  (Figure 
5).  This  level  of  circularly  polarized  backlobe  radiation  Is 
consistent  with  the  computed  results. 

In  many  GPS  applications,  knowledge  of  the  antenna 
amplitude  characteristics  Is  Insufficient  In  determining  the 
effects  of  antenna  performance  on  system  accuracy. 
Knowledge  of  antenna  phase  and  phase  center  characteristics 
Is  critical  In  determining  final  system  performance  C5,6,73. 
Since  the  antenna  phase  center  location  Is  a  function  of  the 
antenna  far-fleld  phase  characteristics  C53»  this  paper  will 
limit  the  discussion  of  quadrlfllar  helix  phase  performance 
to  Its  phase  patterns. 

Figures  6a  and  6b  present  measured  and  computed  -  using 
NEC  and  Richmond's  code  -  phase  data  for  the  1/2-turn 
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quadrlfllar  helix.  Results  are  shown  for  orthogonal  linear 
polarizations  (£o  and  )  as  defined  In  Figure  1.  It  can 
be  seen  that  both  programs  accurately  predict  tho  antenna's 
phase  character Istlcs. 


iy_THE  J-turn  OUADRIFILAR  HELIX 

The  quadrlfllar  helix  antennas's  design  parameters 
Include  the  axial  length/  the  radius  and  the  number  of 
helical  turns.  To  further  validate  the  moment  method  model 
predictions  of  votuto  radiation  characteristics,  a  l-turn 
helix  was  modelled.  The  1-turn  quadrlfllar  helix  has  an 
axial  length  of  6.45  Inches  and  a  radius  of  .7425  Inches. 
This  antenna  was  designed  for  dual  frequency  (LI,  1575.42 
KHz  and  L2,  1227.6  HHz)  GPS  applications,  however.  It  was 
not  designed  to  have  optimum  GPS  pattern  coverage  at  either 
LI  or  L2  but  rather  to  havo  drastically  different  patterns 
at  each  frequency  In  order  to  demonstrate  the  modol 
capabilities.  A  comparison  of  measured  and  computed  (NEC 
and  Richmond  codes)  radiation  patterns  are  shown  In  Figures 
7  and  6  for  L2  and  Ll_ respectively.  Again  It  can  be  seen 
that  there  Is  excellent  'agreement  between  the  computed  and 
tho  measured  results  for  the  NEC  code  with  the  exception  of 
the  backlobe  characteristics  which  are  a  result  of  a  change 
In  the  sense  of  circular  polarization. 

The  results  obtained  using  Richmond's  code  are 
acceptable  at  L2,  hawev*r,  there  Is  a  significant  difference 
between  the  computod  and  measured  patterns  at  LI.  Several 
different  modifications  of  the  wire  configuration  were 
modelled,  such  as  Increasing  the  numbor  of  segments  per 
turn  and  decreasing  the  blfllar  separation  and  wire  radius. 
However,  there  was  no  significant  Improvement  In  tho 
computed  results. 


.Y_-.OJSCUSSlI.QM 

From  the  results  presented  In  this  paper,  It  Is  known 
that  the  method  of  moments  can  be  used  to  accurately 
predict  the  radiation  characteristics  of  tho  quadrlfllar 
helix  antenna.  However,  the  question  of  why  neither  program 
(NEC  and  Richmond's)  can  accurately  predict  the  amplitude 
patterns  when  the  bottom  radlals  are  shorted  together,  as  In 
the  experimental  antenna,  still  remains. 
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The  radiation  patterns  of  tho  quadrlfllar  helix  antanna 
art  a  sansltlva  function  of  how  wall  tha  quadrature  feed 
phasing  rajatlonshlp  Is  maintained  C53*  Any  deviation  from 
this  quadrature  phasing  relationship,  which  results  In  a 
change  of  the  current  distributions  along  each  helical  arm, 
will  seriously  distort  the  antenna  patterns.  With  the 
physical  connection  of  the  radial  arms  In  the  computer 
model,  the  resultant  current  distribution  along  tho  antenna 
structure  does  not  represent  the  true  antenna  currents.  The 
four  wire  arm  connection  may  be  causing  the  model  to 
incorrectly  account  for  the  quadrature  phase  relationship. 

Since  the  purpose  of  this  paper  was  to  present  a  usable 
ond  accurate  model  for  the  quadrlfllar  helix  antenna, 
further  Investigation  Into  the  above  problem  will  be  left  to 
future  work. 

Another  problem  that  should  be  addressed  Is  why  doos 
the  Richmond  code  Incorrectly  predict  the  radiation  patterns 
for  the  J-turn  volute  at  L1 1  Further  Investigation  Into 
the  modelling  of  multi-turn  volutes  using  NEC  and  Richmond's 
code  may  provide  some  Insight  Into  this  problem. 


.VI  CONCLUSIONS 

An  accurate  moment  method  modal,  using  an  existing 
program  (NEC),  of  the  quadrlfllar  helix  antenna  was 
presented.  With  the  use  of  this  model,  the  amplitude  and 
phase  characteristics  of  this  antenna  can  be  easily  and 
accurately  determined.  For  high  accuracy  positioning 
systems,  such  as  GPS,  that  require  knowledge  of  these 
antenna  characteristics,  this  model  allows  for  quick 
determination  of  system  errors  that  are  a  result  of  antanna 
performance. 
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Figure  1.  Geometry  of  the  Quadrifilor  Helix  Antenna. 
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Figure  2a.  Ornpariscn  of  measured  ( - )  and  computed  ( - ) 

results  using  Ricirrond 1  s  cedo  for  the  1/2-tum  quadrifilor 
Iwlix  at  L2.  Bottom  radinls  arc  short-circuited  in  the 
eaiputcd  nodcl. 
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Figure  2b.  Comparison  of  measured  ( - )  and  ccctputcd  { - ) 

results  using  NSC  for  the  1/2-tum  quadri filar  helix 
at  L2.  Bottom  radials  are  short-circuited  in  tl«  computer 
model. 
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Figure  3.  Ocnputod  radiation  pattern  for  the  bifilor  helix  at  L2  using 
Richmond's  code. 
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Figure  4a.  Caparison  of  measured  ( - )  and  computed  ( - - — ) 

results  using  Richmond's  code  for  the  1/2-tuni  quadrifilar 
helix  at  L2.  Bottom  redials  arc  not  short-circuited  in  the 
computer  model. 
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Figure  4b.  Comparison  of  treasured  ( - )  and  carputod  { _ _) 

results  using  NEC  for  the  1/2-tum  quadri filar  helix 
at  L2.  Bottom  redials  are  not  short-circuited  in  the 
computer  model. 
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Figure  5.  Measured  RICP  (- 


— )  and  LHCP  (- 
1/2-tum  quadrifilnr  helix  nt  I>2. 


- )  patterns  for  the 


670 


i 


Figure  7.  Comparison  of  maasured  (— — — )  and  computed  amplitude 

patterns  for  both  NEC  ( - )  and  Richmond's  code 

( - )  for  the  1-turn  quadrifilar  helix  at  L2. 
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Figure  8.  Cccmrison  of  measured  ( - )  and  computed  amplitude 

patterns  for  tath  NBC  ( - )  and  Richmond's  code 

( - — )  for  the  1-tum  quadrifilar  helix  at  LI. 
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Department  of  Electrical  Engineering 
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TIic  transmission  line  matrix,  or  modeling,  (TLM)  method  of 
electromagnetic  analysis  provides  a  complete  solution  to  the 
Maxwell  equations  In  three  space  dimensions  and  lime  by  simulating 
wave  propagation  on  a  mesh  of  orthogonally  Intersecting 
transmission  lines.  The  complete  electromagnetic  field  quantities 
arc  obtained  at  cacli  node  In  the  transmission  line  mesh  from  the 
•.alleges  and  currents  entering  the  node.  The  model  Is 
conceptually  simple  and  provides  a  general  ,  efficient,  and 
accurate  algorithm  for  the  calculation  of  electromagnetic  fields 
In  a  complex  three  dimensional  environment.  The  technique  has 
found  applications  In  diffusion,  lumped  network  simulation,  and 
lightning  simulation,  flic  largest  area  of  application,  however, 
remains  In  electromagnetic  modeling  where  It  has  been  used  to 
model  structures  ranging  from  sub  micron  scale  VLSI  Interconnects 
to  the  EMP  analysis  of  a  large  satellite  receiving  complex. 

The  present  study  focuses  on  the  analysis  of  microstrip  antenna 
structures  using  the  TLM  technique.  By  using  a  pulse  excitation 
In  the  time  domain,  one  simulation  yields  data  over  a  broad  range 
of  frequencies.  The  TLM  technique  models  the  mlcrostrlp  antenna 
structures  In  three  dimensions  taking  Into  account  losses  and 
Inhomogencltlcs.  Furthermore,  because  the  TLM  method  provides  a 
physical  simulation  of  wave  propagation.  It  is  not  necessary  to 
deal  with  any  complicated  Green's  functions.  In  addition,  the 
algorithm  need  not  be  reformulated  for  each  new  geometry  studied 
—  only  the  Input  data  requires  modification.  This  paper  will 
give  a  brief  review  of  the  TLM  method  Including  mesh  truncation 
conditions  and  present  the  results  of  the  TLM  analysis  of  several 
representative  mlcrostrlp  structures. 


IffTKflnUCTION: 


The  transmission  line  matrix,  or  modeling,  method  Is  a  time  domain 
numerical  simulation  of  Maxwell's  equations  In  three  dimensions  III 
The  basis  of  the  technique  lies  In  the  circuit  analogy  to  Maxwell's 

equations  formulated  by  Kron  in  the  mid  19-tO's  (2).  In  the  TUI  method, 
the  equivalent  circuit  Is  modeled  using  a  three  dimensional  mesh  ft 

Interconnected  transmission  lines.  The  elrcult/iransmlsslon  llne/fleld 

analogies  arc  shown  In  Figure  I.  In  three  dimensions,  we  have  employed 
the  three  dimensional  symmetrical  condensed  TUI  node  which  was 
Introduced  recently  by  Johns  |3)  and  Is  shown  In  Figure  2.  The 
transmission  line  mesh  is  excited  by  Initialising  Ideal  Impulses  «f 
voltage  or  current  corresponding  to  desired  field  component.  Following 
the  Initialization,  time  Is  stepped  and  the  Impulses  arc  tracked  as  they 
propagate  throughout  the  mesh.  The  output  Is  then  the  Impulse  response  . 
of  the  transmission  line  mesh  with  all  six  field  components  available  at 
the  center  of  each  node.  This  impulse  response  can  then  be  cither 
Fourier  transformed  to  yield  frequency  domain  Information  or  convolved 
with  any  arbitrary  excitation  waveform. 

The  TUI  method  Is  not  limited  to  regular  meshes.  Graded  mewh 
techniques  have  been  developed  I4j  which  allow  a  fine  mesh  to  be  used  In 
areas  which  require  detailed  geometric  definition.  The  grading  «\ 
achieved  by  adding  or  subtracting  Inductance  or  capacitance  from  a  given 
node  to  model  the  shape  of  that  node. 

In  order  to  model  open  structures  such  as  antennas,  a  radiating 
boundary  condition  must  be  employed  at  the  edges  of  the  finite 
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CIRCUIT  EQUIVALENT  OF  MAXWELL  EQUATIONS  -  KRON  (1944) 


Fx ®  Vz  |  Hy  *  "lx  t  Hx  *  ly  |  c* £  i  L*[i 


Figure  I.  Relationship  between  Maxwell's  Equations  and  Transmission  Line 
Equivalent  Circuit. 
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computations!  space  in  order  to  prevent  non  physical  reflections  f*v« 
securing.  For  a  uniformly  graded  TUI  mesh,  rcflcetlonlcsa  trucneatlen 
of  the  problem  speae  Is  straightforward.  For  a  graded,  or  anisotropy 
mesh,  however,  the  mesh  truncation  Is  somewhat  mere  Involved.  However, 
we  have  recently  developed  a  very  highly  absorbing  continuation  boundary 
for  use  under  these  conditions.  it  Is  interesting  to  note  that 
truncation  boundaries  require  no  more  computer  time  or  storage  «» 
calculate  thanany  other  type  of  boundaries  In  the  TUI  method. 

In  this  paper,  w«  present  some  preliminary  results  for  the  analysis 
of  mlcrostrlp  antennas  using  the  TUI  method.  Usually,  the  substrate 
thickness  for  typical  mlcrostrlp  antennas  Is  a  small  compared  to  the 
other  dimensions  of  the  antenna.  For  a  regularly  graded  mesh,  this 
presents  a  prohibitive  computational  burden  since  a  mesh  fine  enough  tu 
obtain  adequate  resolution  In  the  substrate  would  have  to  be  used 
throughout  the  remainder  of  the  geometry  as  well.  To  circumvent  tins 
difficulty,  we  have  employed  a  three  dimensional  TUI  program  with  graded 
mesh  capabilities. 

MtCaggRllLMI^A-MQgJSLlKS 

The  geometry  of  a  general  mlcrostrlp  patch  on  a  thin  substrate  Is 
shown  In  Figure  3.  The  first  configuration  investigated  was  a  square 
patch  3mm  on  a  side  with  a  substrate  2,4  thick  with  c*  <}.9.Thc  patch 
was  excited  by  initializing  a  voltage  between  the  patch  and  ground  piano 
at  (x.y)  ■  (I.S.O)mm.  The  output  was  taken  at  (x.y)  «  (l.S.O)mm  at  a 
point  directly  beiow  the  patch.  The  time  domain  impulse  response  at  the 
output  point  was  Fourier  transformed  to  yield  the  frequency  response  at 
the  output  point.  The  output  spectrum  for  this  patch  Is  shown  In  Figure 
•S.  The  peaks  In  the  spectrum  correspond  to  the  resonances  of  the 
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microstrip  patch.  To  compare  the  resonant  frequencies  obtained  with  the 
TUt  method,  we  have  employed  an  empirical  formula  by  Napoli  and  Hughes 
(SI.  This  formula  Is  basically  a  first  order  correction  to  the  magnetic 
walled  cavity  model  and  Is  given  byt 

fr  "  fro  cr  /  10  *  /  cc,wt)  W 

where 

A  ■  th/w)f  0.682  ♦  O.I64|cr«  l)/c‘  •  ^r*1*  fo.753  •  Inll.SS  •  w/hjll 


and 


c  (w) 


Ice  I) 


(C  I) 


Tlic  resonant  frequency  of  a  magnetic  walled  cavity,  fr0  Is  given  by 


fro"  yrj^~  m/Wj)2  ♦  (n/w2)2 

Comparison  with  experimental  data  has  shown  that  this  formula  yields 
resonant  frequencies  for  the  first  resonant  mode  within  approximately  33 
Comparisons  of  the  TUI  calculated  rcsutmrit  frequencies  with  those 
obtained  form  the  above  empirical  formula  arc  summarised  In  Table  I. 


TADLE  I 


dode 

(m.n) 

TO! 

(GHz) 

(1.0) 

(3.0) 

10.1 

32.9 

10.08 

30.20 

Next  we  examined  a  rectangular  shaped  patch  of  dimensions  1.3  mm  by 
0.04mm  with  a  0.66  mm  thick  substrate  of  c  ■  9.9.  The  TLM  calculated 

P 

resonant  frequency  for  the  first  mode  was  found  to  be  28.72  GHZ.  Tills 
compares  very  well  with  the  the  value  of  28.97  GHz  calculated  from  the 
empirical  formula  above. 
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In  order  to  check  the  algorithm  for  a  rectangular  patch  or.  a  thin 
substrate  wo  have  calculated  the  resonant  frequencies  for  a  rectangular 
patch  of  dimensions  23.4  mm  by  53  6  mm  on  a  substrate  16  mm  thick  with 
Cp—  i.3.  Thi  mJ«:  taieuieied  resonant  frequency  was  3.1  Oils  as  compared 
to  3.0  Gila  from  the  empirical  formula.  TUI  yields  a  resonance  for  the 
second  mode  of  6.1  Gila  as  compared  to  6.0  Cl  la  from  ti;<  cmprlca!  formula. 

The  frequency  spectra  Is  shown  In  Figure  5.  Note  that  as  the  substrate 
thickness  becomes  thin,  there  Is  less  fringing  at  the  edges  of  the  patch 
and  the  magnetic  walled  cavity  model  becomes  more  accurate  os  would  be 
expected. 

The  next  structure  that  we  have  fjwr.dped  I-  an  eiectromagneiieallv 
coupled  printed  dipole  tint  h«j  been  analy?r.1  In  |6J.  The  geometry  far 
the  siruc'urc  Is  shown  In  Figure  6  along  with  the  pertinent  dimensions. 
The  dipole  was  found  to  resonate  at  23.83  GHz  as  compared  to  a 
theoretical  resonance  of  29.9  Gila.  The  surface  current  distributions  on 
the  top  of  the  feed  line  and  dipole  arc  shown  In  Figure  7.  These  plots 
display  the  same  characteristics  as  calculated  In  (6). 

Finally,  we  have  analysed  a  tnlcrostrlp  fed  rectangular  patch.  The 
geometry  fer  this  problem  Is  shown  In  Figure  8.  The  Fourier  transform 
for  the  electric  field  under  the  patch  Is  shown  In  Figure  9.  The 
resonant  frequencies  for  the  second  and  fourth  modes  occur  at  48.0  Gllz  and 
94.1  GHz.  The  theoretical  values  arc  47.6  GHz  and  95.2  GHz 

respectively.  The  Fourier  transform  of  the  voltage  between  the  ground 

plane  and  mlerostrlp  feed  line  Is  shown  In  Figure  10.  We  nre  currently 
In  the  process  of  performing  measurements  to  verify  these  results. 
CONCLUSIONS 

In  this  paper  we  have  presented  some  preliminary  results  for  the 


Figure  6.  Microstrip  Dipole  Excited  by  a  Strip  Transmission  Line  . 


Distribution  on  Dipole 


ourlcr  Transform  of  Feed  Voltage. 


analysis  of  mlcrostrlp  antenna  siruciurcs  using  the  TLM  method  of 
electromagnetic  modeling.  While  the  data  presented  has  been  quite 
elementary,  the  results  that  we  have  obtained  have  been  quite  promising. 
The  advantages  of  the  TUI  method  for  the  analysis  of  mlcrostrlp  antennas 
Iks  mainly  In  the  simplicity  and  generality  of  the  technique.  N© 
analytical  formulation  or  computer  coding  is  required  form  problem  t© 
problem  as  with  some  other  techniques.  A  single  formulation  and 
computer  code  provides  the  capability  to  analyse  mlcrostrlp  antennas  ef 
arbitrary  geometries.  The  use  of  a  graded  mesh  makes  the  technique 
computationally  feasible. 

W«  are  currently  Investigating  further  development  of  the  Tt.M 
method  for  the  analysis  of  mlcrostrlp  antennas.  Future  work  Includes 
the  calculation  of  Input  Impedances  and  the  effects  of  various  feed 
geometries.  Further  validation  via  comparison  with  analytical 

techniques  and  measurements  will  be  required  and  these  comparisons  are 
currently  underway.  In  addition,  a  technique  called  diakoptlcs  |?1 
can  be  used  to  analyse  thin  substrates  Independent  of  patch  geometry. 
The  results  for  a  particular  path  arc  then  obtained  by  connecting  the 
separate  patch  solution  with  the  prc-ealculated  substrate  solution.  Far 
field  quantities  are  also  available  from  TLM  calculated  near  fields  via 
a  ntar-to-far  field  transformation. 
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NUMERICAL  &  EXPERIMENTAL  RESULTS  OK  MULTI-WIRE 
JUNCTION  TRICOT  KNIT  MESH  REFLECTORS 
BY  FOURIER  MOMENT  METHODS* 


W,  Tmbrialc,  V.  GalindO-IsracI,  Y.  Ralmm-Samii 
Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA 


attract 

Wire  mesh  knit  reflecting  surfaces  are  now  frequently  used  on  unfurlablc  type  spacecraft 
reflector  antennas  {TDRSS,  Galileo,  etc,).  The  fineness  of  the  wires  and  the  complexity  of  the 
weave  has  ntadc  the  problem  of  an  exact  numerical  diffraction  analysis  quite  fomtidablc.  In  this 
paper  this  mesh  is  successfully  analysed  by  Heating  it  as  a  flat  weave  of  wire  strips  in  a  periodic 
array.  The  analysis  is  by  moment  methods  using  a  piecewise  triangular  basis  function  with  a 
Roquet  mode  analysis  of  the  periodic  structure.  In  particular,  it  is  found  that  wire  bends  and 
junctions  ean  be  properly  treated  only  if  precise  and  careful  attention  Is  paid  to  the  vector  continuity 
of  current  through  the  wire  strip  bend  or  Junction.  It  is  common  In  some  fine  wire  mesh  grids  to 
avoid  soldering  the  junctions  of  wires  end  to  depend  upon  contact  pressure  in  otder  to  obtain  good 
electrical  continuity  at  junction  points.  Under  certain  conditions,  as  has  been  found  experimen¬ 
tally,  poor  electrical  contact  at  the  junction  points  can  result  in  poor  surface  reflectivity  and 
considerable  transmission  loss.  Experimental  validation  of  the  theory  Is  presented.  In  addition,  a 
simple  model  of  the  tricot  mesh  which  provides  an  understanding  of  the  cause  of  the  poor 
reflectivity  is  presented. 


INTRODUCTION 

The  application  of  mesh  surface  provides  a  deployable  capability  which  is  very  attractive 
front  launch  constraints  for  spacecraft  requiring  large  antennas,  c-g.,  TDRSS  and  Galileo 
spacecraft.  These  mesh  surfaces  arc  typically  constructed  from  gold  plated  molybdenum  wires 
which  arc  woven  in  a  particular  pattern. 

A  commonly  used  knit  is  the  tricot  knit.  The  gold  plated  molybdenum  wires  of  the  knit  are 
not  welded  where  they  cross  at  junction  points.  When  a  poor  electrical  contact  5s  made  at  these 
junctions,  such  as  when  oxidation  occurs  on  the  surface,  the  reflection  from  tile  surface  is  poor  and 
substantia!  power  loss  occurs  by  transmission  through  the  mesh. 

The  mesh  lias  been  modeled  as  flat  strips  of  wire  on  a  plane  surface.  Since  the  tricot  weave 
is  essentially  periodic,  Roquet's  tlicorcm  lias  been  applied  in  the  analysis  of  a  plane  wave  incident 
upon  the  wire  mesh.  Currents  induced  along  the  w  ire  were  modeled  as  a  scries  of  triangular  basis 


*Thc  research  described  in  this  paper  was  carried  out  at  the  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology,  under  contract  with  the  National  Aeronautics  and  Space  Administration. 
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funedons  -  droix^cffidcnts  w  be  determined  by  Invents  of  the  matrix  obtained  when  tangential  E 
Is  set  to  zero  on  die  flat  strips. 

Tlic  multi-wire  junction  points  urn:  carefully  modeled  so  that  the  caassu  vrore  naturally 
CwMuiiuOux  through  the  junctions  with  no  additional  conditions  necessary  to  guarantee  this  (otltcr 
than  tangential  K  set  to  tcro  on  the  flat  wire  strips).  Conditions  of  a  good  electrical  contact,  no 
contact,  or  partial  contact  at  the  junctions  were  readily  controlled  by  this  model,  finite  wire 
conductivity  wax  included  as  well. 

The  numerical  results  were  compared  to  experimental  results  for  various  Oat-strip  meshes 
printed  on  a  dielectric  sheet.  The  theory  permitted  the  inclusion  of  a  dielectric  sheet,  although 
actual  reflector  antennas  would  not  include  this.  Comparisons  proved  excellent  over  wide 
frequency  ranges. 

It  was  discovered  that  the  particular  character  of  the  uieot  knit  weave  made  it  susceptible  to 
substantial  losses  when  no  electrical  contact  was  nude  at  the  wire  junctions.  Thus,  an  improved 
knit  Is  indicated  for  reflector  surfaces  SO  that  electrical  contact  at  the  junctions  is  not  critical. 


THEORETICAL  FORMULATION 

In  the  past,  the  mesh  surface  problem  has  been  solved  using  either  Astrakhan  (1)  or  Strip- 
Aperture  formulations  (2).  Both  formulations  lave  provided  satisfactory  results  for  cases  of 
perfect  contact  and  simple  wire  structure  configurations.  In  order  to  formulate  die  problem  for  a 
complex  wire  structure  as  shown  in  Figure  I  for  a  tricot  knit  mesh,  a  moment  method  solution  has 
been  Implemented.  The  mesh  structure  Is  modeled  as  planar  wire  strips  Instead  of  the  actual  round 
wire.  Due  to  tlte  fact  that  the  wire  diameter  is  very  small  In  terms  of  the  wavelength,  this  strip 
modelling  has  proven  to  be  accurate  Additionally,  it  has  been  considered  that  (lie  mesh 
configuration  is  periodic 

The  methodology  of  the  formulation  is  depicted  in  the  block  diagram  shown  in  Figure  1. 
First,  the  complex  wire  strip  structure  in  a  given  cell  is  broken  into  many  linear  segments  by 
identifying  the  “node"  points  for  the  initial  and  die  end  points  cf  tbo  linear  segment.  If  there  is  a 
wire  intersect,  on  contact  point,  the  satnc  node  point  at  the  contact  is  used  for  all  die  brandies 
intersecting  at  dtis  point  and  nuking  dcctrical  contact  there.  Each  linear  segment  is  then 
subdivided  in  order  to  define  the  current  basis  element  for  the  implementation  of  the  method  of 
moments.  The  mcdiod  of  moments  formulation  is  dicn  constructed  utilizing  the  Floquct  Expansion 
technique  in  conjunction  with  lire  enforcement  of  the  total  tangential  dearie  field  to  be  zero  on  the 
strip  segment.  Since  the  strip  width  is  very  narrow'  in  terms  of  die  wavdengdi,  only  current 
components  In  the  wire  strip  direction  are  considered. 

Tlte  theory  exaedy  follows  the  development  and  notation  given  in  (3),  where  die  Floquct 
mode  and  method  of  moments  theory  is  described.  The  major  deviation  is  In  the  sdcction  of  the 
basis  funedons,  Reference  3  used  entire  domain  functions  to  represent  the  wires,  whereas  this 
treatment  uses  piecewise  triangular  funedons.  Portions  of  the  development  in  |3J  are  repeated  here 
for  completeness. 
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Consider  the  printed  wins  array  shown  in  figure  2.  The  surface  is  periodic  and  is  assumed 
infinite  in  the  jy  plane.  This  allows  us  to  expand  the  fields  in  the  three  regions,  l.c,,  inside  the 
dkkfiPS  ihcet  and  in  rhe  air  on  cidter  side,  into  Ploquet  modes,  Tihe  explicit  expressions  for 
scattered  fields  in  the  three  regions  nay  be  found  In  f-1)  and  hence  are  not  repeated  here,  Tire 
incident  field,  i.c.,  the  field  produced  by  rhe  Incident  plane  wave  In  the  absence  Of  sejnerers,  Is  just 
the  field  produced  by  the  Incident  wave  In  the  presence  of  a  dielectric  sheet  of  thickness  j,  U 
therefore  contains  only  the  xcro-ordcr  Ploquet  modes,  Scattered  fields,  on  the  other  hand,  rt 
produced  by  the  current  distribution  J(x$)  on  the  scattered.  If  we  denote  the  transverse 
components  (in  the  xy  plane)  of  lire  scattered  fields  by  EJ°l,  1 1  *,c#l,  and  tliosc  of  the  incident  field 
by  £ jf*,  1 1  J*,  then  each  Ploqiei  mode  In  the  scattered  field  roust  satisfy  the  follow  ing  boundary 
conditions: 

1)  Ej01,  H*^**  continuous  at  i»r, 

2)  continuous  at  :■(), 

3)  Hf3*  discontinuity  at :  ■  0  equals  J(r,y). 

These  boundary  conditions,  combined  with  the  orthogonality  of  the  Ploquet  modes  over  a  single 
periodic  cell,  lead  to  an  Integral  expression  for  Ef5*  at :  ■  0  in  temts  of  J(r,y). 

Since  the  scattered  field  should  cancel  tire  incident  field  on  the  surface  of  the  scattering 
dipoles,  w-c  have 

Ef^d\0)  +  El«(r,y,0)-0,  one  dipole  (1) 

This  yields  an  integral  equation  for  the  unknown  current  distribution  and  is  easily  solved  by  the 
moment  method  if  J£r,y)  lx  approximated  as  follows: 

W 

JC*.y)  -  X  eAQr.)),  (2) 

rwl 


where  the  functions  hA(r,y)  are  the  basis  functions  and  N  is  finite  for  computability.  Substituting 
(2)  into  (l)  and  integrating  over  the  scattering  dipole  contained  in  one  periodic  celt  after  multiplying 
both  sides  by  h£*(r«y),  where  the  asterisk  denotes  the  complex  conjugate,  the  following  system  of 
equations  is  obtained  (4): 
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2 

X  0+W3b)^«OQ^(*(koo) 


W  2 


•  jjaCi  *  ,  ,  0  tj  f 

^  i  *  M  •*  *\  "”i  <Y i  v 

where  a  time-dependence  c:»p  (/ow)  is  assumed,  m  «•  l  corresponds  to  the  TM  mode  and  m  »  2  to 
the  TE  mode,  and 

gKk^“  1  NtoOexp(/kM«|>)<it</)\ 

dipulc 

dn  array  spacing, 

p  -«+>•>•, 

*w"(kQ s5n0  cos$  +  -p-ji 

+  ^to  sinO  sin$  +  *^p,+  jy 

*0  *  2jcAo, 

Xo  a  frce-spacc  wavelength, 

(0,$)  «  direction  of  incidence, 
bm  a  incident  field  magnitude  of  mth  mode, 

*lpqa^pq/^p<fi 

K]p^, 
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wt 


a ,  jl » the  permittivity  and  permeability  of  medium, 
k  ■  propagation  constant  of  the  medium. 

—Mpf-Wf1,  *2<iy2, 

p  pWicl‘W!f  r.,  .x 

li"Na„  tllrl  ,  „  iifaP!  Wrfl' 


nmMUicl  +T\*m 


l>  slab  ,  21w/v!lif-nmp^ 
t'mpq  • 


Once  we  select  a  suitable  set  of  functions  h„,  the  unknown  coefficients  cn  can  be  easily  obtained  by 
solving  (3). 

Expressions  for  the  reflected  and  transmitted  fields  can  be  found  in  (3)  and  are  not 
repealed. 

The  wire  will  be  modeled  as  being  comprised  of  straight  segments  of  wire.  At  the  junction 
of  two  straight  segment,  special  treatment  is  required.  A  discussion  of  this  special  treatment  of 
die  junction  between  straight  segments  is  reserved  until  later.  If  there  is  no  bend  between  straight 
'segments'  then  no  special  treaunem  is  required. 

The  currents  are  modeled  as  having  a  piecewise  triangular  variation  in  the  longitudal 
direction  and  a  constant  in  the  transverse  direction.  The  geometry  is  shown  in  figure  3.  In 
particular  the  cunrents  on  die  ndi  segment  are 
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x  n  xn + /  cosy  -  >•'  siny 
y«yn+.t'siny+/  cosy 
wc  need  10  evaluate 


Sm  a  J  ci>wp  dX(Jy 
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4 

W 


where 


.  I'w 


^a?c;c[(^“  JfyLz  ~ 


T" 

l'n» 


«wn?c/C[(^+  SfyU  +  z?]t3 


with 


£•»/*  cosy +  Jty  siny 
V  a  -jt^jiny  +  ky  cosy 
£  =  A*  Xn  +  Ay  yn 


Previous  investigators  have  failed  to  be  accurate  in  their  treatment  of  bends  and  junctions. 
When  die  wires  are  orthogonal  and  wire  contact  is  not  significant,  the  treatment  is  not  critical  In 
the  present  problem  the  treatment  is  critical  and  it  is  felt  that  a  considerable  breakthrough  has  been 
made  in  both  the  understanding  of  the  problem  and  the  treatment. 
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At  the  bend  it  Is  necessary  to  have  both  continuity  of  the  magnitude  of  the  cuncnt  ns  well  as 
its  direction.  The  cumcm  representation  of  the  bend  is  shown  in  Figure  4.  For  the  bend  we  have 

w  -  x  siny  +  y  cosy 
a-“h 7m - - - 

Again  we  need  to  evaluate  for  ;hi;  segment,  and  the  result  is 


V„_ 

«wnciC  1 

Vn-I 

where  the  integration  is  carried  c-?.'  numerically  and 
cJ7,w  -  jy.*Jy-w  -  1 

•p  ■ 

where  7,  is  as  described  above. 

At  the  junctions  of  more  than  one  wire  a  superposition  of  all  the  possible  bend  currents  is 
required. 


EXPERIMENTAL  VALIDATION 

A  considerable  amount  of  numerical  simulations  have  been  performed  to  properly  assess 
the  convergent  behavior  of  the  resultant  matrix  equation.  Results  are  shown  for  die  contact  and  no- 
contact  eases,  and  the  numerical  results  arc  compared  versus  measured  data. 

A  set  of  experiments  were  performed  to  provide  a  basis  for  comparing  experimental  results 
and  theoretical  predictions.  The  experimental  setup  consisted  of  measuring  the  transmission  loss 
through  a  set  of  flat  panels..  Tnc  flat  panels  were  constructed  by  priming  copper  wires  on  a 
dielectric  sheet  (dielectric  constant  *»  4.7)  70  mils  thick.  The  wire  patterns  were  selected  to  test  the 
various  aspects  of  the  code,  i.e.,  curved  wires,  contact  and  no-contact  junctions,  wire  thickness, 
incident  angle,  etc.  The  simplest  ease  was  that  of  a  straight  wire  grid.  Figure  5  shows  the  normal 
incident  (0  «  0.0)  transmission  loss  for  both  incident  polarizations  on  test  sample  I  (TS-1).  The 
data  was  taken  over  a  2  to  15-GHz  frequency  range,  and,  as  would  be  expected,  the  surface  is 
virtually  transparent  to  die  polarization  normal  to  the  wire.  Loss  at  die  higher  frequencies  is  due  to 
the  dielectric  constant  of  the  sheet.  Tie  circles  are  die  theoretical  predictions  and  agree  very  well 
with  the  experimental  data.  Figures  (5  and  7  show  the  results  for  a  30  deg  incident  angle,  one 
rotating  in  the  phi  ■=  0.0  deg  plane  and  the  other  in  the  phi  =  90  deg  plane.  Both  amplitude  and 
phase  plots  are  shown.  There  appears  to  be  a  slight  drift  as  a  function  of  frequency  in  the 
experimental  data  in  Figure  7  since  die  test  results  show  gain  at  the  lower  frequencies. 
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The  results  for  curved  wires  is  shown  in  Figure  8,  Observe  that  the  curved  wires  (FS*2) 
have  less  reflectivity  (lower  transmission  loss)  than  the  straight  wires.  Also  note  that  forTS-5 
(contacting  wires)  the  reflectivity  is  much  greater  thanTS-l  orTS-2, 

Figure  9  plots  the  transmission  loss  for  the  case  of  'perfect'  and  "broken"  connections. 

Note  that  foe  TS-3  the  result,  as  would  be  expected,  is  the  same  as  TS-1,  and  the  most 
interesting  result  is  from  TS-4  (broken  connection).  Notice  that  although  the  wire  pattern  looks 
very  similar  to  TS-3,  there  is  no  connection  at  the  center  and  the  reflectivity  results  arc  dramatically 
different.  This  result  provides  some  understanding  as  to  why  the  mesh  can  be  leaky  as  well  as 
providing  a  solid  verification  of  the  computer  code. 

Consider  the  actual  trace  of  the  mesh  wire  shown  in  Figure  10.  Two  independent  strands 
of  wire  in  die  mesh  were  highlighted  so  that  these  two  wires  may  be  easily  traced  visually.  Wire 
I  is  the  heavily  shaded  line,  and  wire  #2  is  the  dashed  line.  The  entire  mesh  is  made  up  of 
alternate  strands  of  such  wires.  The  connection  between  wire  fH  and  wire  If2  inside  of  any 
periodic  cell  is  what  holds  the  mesh  togctltcr  physically.  Tills  connection  also  serves  a  significant 
electrical  purpose  as  will  be  described  shoniy.  Observe  that  the  overall  wire  alignment  Is  similar  to 
the  broken  wire  ease  of  Figure  9. 

This  complex  mesh  example  was  analyzed  for  both  the  raise  of  electrical  contact  and  no 
ciceneal  contact  at  the  crossover  points  of  the  wires.  The  results  arc  very  similar  to  the  cases  in 
Figure  9,  i.c.,  when  there  was  electrical  contact  at  the  junctions  die  reflectivity  was  good  (<0.5  dB 
for  5  mil  wire  at  8.0  GHz  for  example)  and  for  the  case  of  no  electrical  contact  the  reflectivity  loss 
was  large  (>6  dB  for  die  same  parameters).  This  for  good  reflectivity,  electrical  contact  Is 
required  at  the  junctions.  A  future  paper  will  address  the  cases  for  non-perfect  (impedance) 
Junctions. 
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Figure  1.  Computational  Steps  for  Complex  Mesh  Structure 
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Figure  2.  Geometry  of  Wire  Surface 


Figure  5.  Transmission  Loss  Straight  Wire 


igure  6.  Transmission  Loss  for  TS- 1  wiih  TE  incxJcni  wave.  E  paralfd  to  Win:  and  0 


inire7.  Transmission  Loss  for  TS-1  vrithTM  Incident  Wave.  II  Parallel  lo  Wire  and  0  -  3C 
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Figure  10,  Complex  Mesh  Geometry 
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ABSTRACT 


To  efficiently  compute  the  bistatic  high-frequency  scattering 
responses  of  a  complex  target,  a  theory  haa  been  developed  which  coploys 
asyoptotlc  evaluation  of  the  scattering  integrals  for  a  wide  class  of  ellip¬ 
tical  cross  section  shapes.  This  is  a  first-order  theory  which  csploys 
physical  optics  for  snooth  surface  returns  and  edge  equivalent  currents  for 
diffraction  froo  surface  discontinuities.  The  scattered  field  is  obtained  by 
integrating  the  surface  and  edge  currents  which  have  been  Induced  by  the 
incident  field.  Evaluation  of  the  physical  optics  integral,  a  two- 
dlaenslonal  integral  over  the  llluoinated  portion  of  the  elliptical  cross 
aecclot:  surface,  will  be  discussed  here.  The  diffraction  integral,  which 
is  a  onc-dlncnslanal  Integral  around  elliptical  ring  discontinuities,  is 
evaluated  using  the  sane  type  of  asymptoclc  techniques. 

PHYSICAL  OPTICS  INTECRAL 


The  physical  optics  approximation  assumes  that  the  surface  currents 
existing  on  the  illuminated  portion  of  the  surface  are  equal  to  whac  would 
exist  on  an  infinite  planar  structure  tangent  to  the  actual  surface  at  the 
point  of  consideration.  If  the  equivalent  wave  vector  kc(j  is  defined  as  (see 
Figure  1) 


:  ki+kr 

k«  "  7ZT$ 


a) 
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Figure  t.  ttiscaeic  Scattering  Configuration 

A  « 

where  and  kf  are  cite  incident  and  reflected  wave  vectors,  then  the  phyai- 
cal  optica  contribution  to  the  acattercd  field  cay  be  writcen  as 

CC  »  {  -2J  •  r* 

/ /  2  n  x  a  ~ 41  "da1  (2) 

surface 

This  integral  oust  be  evaluated  over  the  illuainated  portion  of  the 
elliptical  cross  section  surface. 

The  phase  function  of  the  equivalent  wave  vector  (a  conbinatlon  of 
the  transeitter  and  receiver  wave  vectors),  is  perhaps  che  nose  significant 
feature  in  an  asynptotic  scattering  analysis.  With  the  surface  curvature  and 
the  wave  frequency  eabedded  in  it,  the  phase  function  deternines  che  location 
of  the  scattering  centers  and  the  "critical  neighborhood"  around  such 
scattering  centers.  Often  when  analytically  described  surfaces  are 
considered,  "stationary  points"  in  both  surface  dissensions  can  be  found 
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analytically.  These  stationary  points  are  then  used  in  a  general  fashion  to 
bring  out  either  ft  specular  return  or  contributions  froa  a  partial  area  of 
the  critical  neighborhood. 

PARAMETERIZATION 

The  parameterization  used  to  describe  the  elliptical  cross  section 
shapes  can  be  thought  of  as  a  series  of  parallel  ellipses  whose  seal-axes  are 
alloued  to  vary  along  the  axis  of  the  body  (Figure  2). 

Analytically,  the  surface  nay  be  specified  by 
£(C,c)  -  +  Ar  +  (a(t)  cos  0o  cos  c  -  b(c)  eln  0Q  sin  0  v 

+  (a(t)  sin  0Q  cos  C  +  b(c)  cos  0Q  sin  c)  u  (3) 

where  n(c)  *>  -\j  a(c  +  b}t2+  Cj  and  b(c)  "  ij «,tJ  +  bjt  +  Cj.  The  geoaetry 
at  a  cross  section  is  shovn  in  Figure  3. 

The  angle  g  it  nonlinearly  proportional  to  0  and  is  given  by 

sin  g  (4a) 

cos  (  (4b) 


a  sin  o 


V*2  sin2  u  +  b2  cos*  a 

_ b  cos  o _ 

V*2  sin2  a  +  b2  cos2  a 


where  a  -  0  -  0o>  This  is  used  to  aiaplify  the  aatheaatlcal  analysis.  This 
sinple  analytical  description  allows  for  a  surface  norcal  to  be  written 
explicitly  os  a  function  of  the  paraneters  g  and  t. 
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evaluation*  or  the  physical  optics  integral 


Using  the  paransterlsation  described  above,  the  physical  optics 
Integral  can  be  expressed  as 

ffm* O  eJ4U,tJ  dc  dt  (5) 

The  c  Integral  Is  of  the  fora 

r*\ 

1(0  »  j  f(x)  e'Js#{x>  dx  (6) 

'*o 

and,  when  evaluated,  yields  a  t  Integral  of  the  saae  fora.  This  type  of 
Integral  Is  known  as  a  Fourier-type  integral  and  can  be  solved  using  the 
asyaptotlc  technique*  discussed  in  the  following  paragraphs. 

The  first  step  in  evaluating  the  integral  above  is  to  determine  the 
stationary  points,  if  they  exist.  A  ststlonary  point  Is  a  point  x*  for  which 

♦'<*>1  -  0  (7) 

|x»x* 

If  stationary  point*  do  not  exist  for  the  phase  function  of  the  Integral,  a 
change  of  variables  1*  used  to  obtain  a  linear  phase.  If  a  stationary  point 
does  exist,  a  change  of  variables  1*  used  which  yields  a  quadratic  phase 
function.  The  change  of  variables  is 


for  linear  phase 
for  quadratic  phase 


(8) 


With  this  variable  change,  we  obtain  an  Integral  of  the  fora 


r 


ll(v)  ejs*  dw  , 


K 


r 


II  (w)  e 


^  dw 


l«w) 


4M 


TO 


if  no  stationary 
points  exist 


if  stationary 
points  exist 


(9) 


The  slow-varying  part  of  the  integrand  is  then  approxlnated  by  a 
polynomial: 


H(w)  -  11(0)  Pj(w)  +  ||{l)  P|(|  -  w) 

■HI'fO)  pj(w)  -U'(l)  p,(l  -  w)  (10) 

where  the  function*  Pj  and  p2  are  given  and  illustrated  in  Figure  4. 


Pl(w)  *  1-3w2  +  2w3  p,(1-w)  «  3w2-2w3 

P2(w)«w-2w2  +  w3  p2(1-w)  «  w2-w3 


Figure  4.  Fourier-Type  Integrals 
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After  approximation  by  the  polynomial  function,  the  integral 
reduce*  to  a  combination  of  integral*  of  the  form: 


The  leading  term*  (from  endpoint  contribution*)  are  proportional  to  1/a.  The 
second  type  of  Integral*  are  either  Freinel  or  exact  Integral*  (depending  on 
whether  1  1*  even  or  odd)  and  the  leading  term  (from  the  stationary  point 
contribution)  1*  proportional  to  l//a. 


CONCLUSIONS  Atm  RESULTS 


The  solution  to  the  physical  optic*  integral  described  above  use*  a 
polynomial  approximation  to  a  slowly  varying  integrand  and  u«ca  stationary 
points,  when  they  exist,  a*  phase  origin*.  This  results  in  analytical 
expression*  of  scattering  center  contribution*,  allowing  for  efficient 
computation  of  the  scattered  field  for  complex  targets.  The  asymptotic 
solution  also  provides  a  uniform  transition  from  discrete  scattering  centera 
to  a  continuum  of  them. 


Some  results  are  shown  below.  Figure*  5  through  7  show  comparison 
of  measured  data  with  results  obtained  using  the  techniques  described  In  this 
paper.  Figure  8  compares  scattering  from  a  flat  plate  and  cylinders  with 
elliptical  cross  sections  of  varying  eccentricities. 
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Figure  5.  RCS  of  Daleo  Node)  2A  (8  «  0*. 

VV  Polarisation,  f  -  1250  Mils) 
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Figure  6.  RCS  of  Delco  Model  2A  (B  -  160*, 
VV  Polarization,  f  »  1250  HHz) 
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Figure  1 .  RCS  of  Deleo  Modal  BA  (8-0*, 
W  Polarisation,  f  -  35  Cllt) 
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Figure  8.  RCS  of  Cylinder*  of  Varying  Eccentricities 
(B  -  0*,  VV  Polarisation,  f  -  1000  HHr) 
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Th*  Continuous  Fouriar  Transform 

The  Fourier  transfers  is  defined  by  the  integral  expression 

Htf)  -  J"  h(Oe“,I,f,«H  (1) 

and  the  inverse  Fourier  transfora  is 

h(0  -  f  nCOe1**11  df  (2) 

wherei 

f  -  frequency  In  Herts 

l  -  lima  In  aaconda 

j  -  <rnr 

Together,  these  fora  *  continuous  Fourier  transfora  pair  (I), 

The  Discrete  Fourier  Transform 

The  transfora  of  a  discrete  tiae  tspulse  occurring  at  soae 
tine  (lftl  is  ( 7 1 

H(f)  -  h(t„)  e*0’*'1"  (3) 


Substituting  (3)  into  U),  using  equidistant  sanpling  of  an 
event,  leads  to  the  discrete  Fourier  transfora  (DFT)  pair.  The 
□FT  treats  each  saaple  as  a  discrete  lapulso,  and  suns  the 
transformed  lapulses  in  the  coaplex  plane  to  obtain  each  point  ,n 
the  opposite  doaam.  The  result  is  a  pair  of  records  that 
provide  a  one  to  one  napping  between  the  tvo  does  ms.  The  DFT 
pair  is  shown  in  (4)  and  (5), 

(-0 


•  a  sample  from  a  lime  domain  record  (real  or  complex) 

-  a  sample  from  a  frequency  domain  record  (complex) 

•  a  discrete  time  chosen  for  the  calculation 

-  e  discrete  frequency  chosen  for  the  calculation 

•  the  number  of  samples 

-  0,  1,  M-I 

-  0.  1 .  N-l 


(S) 


Note  that  because  the  samples  are  evenly  spaced,  theti 

t„  -  nAT  (&T  Is  the  time  sampling  Interval)  (6) 

fk  «  kOr  (ir  Is  the  frequency  sampling  Interval)  (7) 
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Saaple  spacing  is  deturnined  by i 


flr  *  P&7  W 

or, 

af&T  •  Jj-  (9) 

equation  (0)  follows  intuitively  by  considering  the  first 
resolvable  full  vaveiongth  in  the  saapled  tlae  record  (f})  above 
the  DC  cosponent  (fgl.  Substituting  (0),  (7),  and  (0)  into  (4) 
and  (5)  yields  the  aore  faailtar  expressions  for  the  OFT  pair, 
shown  in  (10}  and  (ID. 


%  -  Si  3ne"JS'k''/*  (10) 

n*o 


The  OFT.  by  treating  each  saaple  as  an  impulse,  assuaes 
nothing  between  each  saaple;  that  is.  to  the  OFT.  the  event  did 
not  e.s ft  Ft  where  there  were  no  staples.  The  OFT  is  satisfactory 
if  the  transfora  pair  is  used  transparently  to  the  user,  as  is 
coaaon  with  convolutions. 

The  Approximate  Fourier  Transform 

The  approximate  Fourier  transform  (AFT)  pair  follows 
straightforwardly  from  the  rectangular  rule  applied  to  (i>  and 
(2).  Assuming  equidistant  staples, 

n»0 

3n  *  VJJTW><  (J3) 

a»e 

Close  examination  reveals  that  the  AFT  is  meroly  a  seeled 
OFT  (Vs).  Assuaing  adequate  stapling,  that  is,  assuaing  that  the 
staples  are  closely  spaced  and  sufficient  in  nuabor  to  adequately 
characterize  the  event,  results  froa  the  AFT  pair  (12)  and  (19) 
using  known  functions  agree  very  closely  with  the  continuous 
transform  pair  (I)  and  (2)  at  lower  frequencies.  While 
frequently  confused  with  the  DFT  in  coaaon  practice,  the  AFT 
exhibits  one  very  iaportant  differencei  the  AFT  assuaos  that  the 
event  did  occur  between  the  stapled  pointo  (although  its 
unsampled  activity  is  unknown).  The  AFT  is  used  whenever  the 
results  of  a  discrete  transform  are  to  be  evaluated 
independently.  The  AFT  is  performed  by  performing  a  DFT,  then 
scaling  the  results. 
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The  Fast  Fourier  Transform 

A  number  of  sophisticated  techniques  have  boon  employed  in 
the  efficient  encoding  of  equation*  CIO)  and  (II)  a*  computer 
algorithms.  The  significant  reduction  in  execution  time  is 
underscored  by  the  name  given  to  the  method(s),  the  fast  Fourier 
transform  (FFT).  Description  of  these  techniques  Is  beyond  the 
scope  at  this  paper.  For  analysis  purposes,  the  reader  may 
equate  the  DFT  with  the  FFT.  It  should  be  noted,  however,  that 
the  FFT  is  generally  more  accurate  than  a  direct  coding  of  the 
DFT  because  the  FFT  employs  fewer  intermediate  calculations  and 
therefore  avoids  potential  floating  point  roundoff  errors.  The 
FFT  is  the  preferred  method  of  calculating  the  DFT. 

Infinite  Periodicity 

The  theorectical  foundation  of  the  DFT  insists  that  the  N 
samples  m  either  domain  constitutes  a  single  cycle  of  an 
Infinitely  repeating  periodic  waveform.  This  is  shown  by 

2^(qN  ♦  p)  -  q2n  ♦ 

therefore 


CM) 

(15) 


It  is  Important  to>  noto  that,  in  the  frequency  domain,  using  a 
similar  analysis  reveals  that  magnitude  values  reflect  about 
frequency  multiples  of  N/2. 


cf*a|  Ss$-i 


(16) 


Discrete  Transform  Aliasing 

The  DFT  exhibits  a  severe  problem  called  aliasing, 
where  spectral  components  of  one  frequency  are  represented 
(aliased)  by  summing  with  components  of  a  different  frequency. 
This  outcome  is  inherent  in  sampling.  The  more  poorly  an  event 
is  sampled,  the  greater  the  aliasing  error.  Common  texts  on  the 
DFT  suggest  that  higher  sampling  rates  with  longer  sampled 
records  (i.e.,  more  points,  closer  together)  reduces  the  aliasing 
error.  In  practice,  there  are  two  major  problems  with  such 
reasoning!  first,  sampled  time  record  limits  are  usually  dictated 
by  data  acquisition  inetruments  that  cannot  be  replaced  due  to 
budgetary  or  technological  constraints,  and  the  second  (and 
worst)  problem  is  that  the  maximum  frequency  calculated  hy  the 
DFT  is  done  so  using  two  samples/cycle,  as  implied  by  the  Nyquist 
sampling  rate  (17). 

£;  -  2f»„  (17) 

Rearranged,  this  lends  to  what  is  popularly  referred  to  as  the 
Kyquist  cutoff  frequency  (10). 
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- 

^7 

(18) 

Using  (7)  and  (0),  (10)  reveals 

* 

that 

(19) 

Given  a  sampled  time  domain  record,  and  using  the  OPT  to 
calculate  a  frequency  domain  record,  the  level  of  confidence  in 
calculated  values  decreases  as  the  number  of  saaplet/cycle 
decreases.  Restated,  DPT  errors  increase  as  frequency  increases. 

The  High  Order  Integral  Fourier  Transform 

High  order  integral  Fourier  transform  (IFT)  techniques  have 
been  developed  to  reaove  the  assuaed  infinite  periodicity 
attributable  to  the  discretization  of  a  continuous  event  and 
reduce  the  aliasing  errors.  The  essence  of  the  technique  is  to 
assume  that  contiguous  subsets  of  the  saapled  data  are  known 
values  of  a  reasonably  siaple  function  of  soae  assuaed  order,  use 
the  assumed  function  and  perform  piecewise  analytic  (continuous) 
Fourier  transforms  of  the  segaents  defined  by  the  subsets. 
Assuming  that  the  stapled  points  may  be  connected  by  straight 
lines  loads  to  the  first  order,  or  linear,  IFT;  assuming  second 
order  curvas  fitted  to  the  sampled  points  leads  to  the  parabolic 
IFT,  etc. 

Removing  the  infinite  periodicity  characteristic  is  easily 
accomplished  by  brute  force  (20),  where  the  proposition  Is  made 
that  the  sampled  event  neither  proceded  nor  succeeded  the 
sample  record. 

[  s(0«-JJ"‘  dt  -  f  s(t)e“ja*a  dt  -  0  (20) 

;‘k-l 


From  (1)  and  (20),  the  IFT  becomes) 


S 


a  " 


s(0.-JS"‘*dt 


(21) 


wherei 

s(t)  ■  the  assumed  function  fitted  to  tho  s  sample  set 
Piecewise  integration  of  (21)  yields) 

s.  -  Y.  /■”  « 

tftpr  r  *n~r 

where  r  is  determined  by  the  chosen  assumed  order  of  s(t). 
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Development  of  the  Fast  First  Order  IFT 

The  first  order  IFT  define!  the  function 

3(0  -  ml  *  b  (23) 

where  n  in  the  slope  of  the  line  fitted  to  two  coneeculive  sample 
points  and  b  is  the  Y-intercept.  along  that  line.  Using  Euler's 
definition,  and  (23),  then  (22)  becomes 


a-Sf  {mnt»bnJ  [cos(2xfk0  -  J  3ln(2xfk0)  dt 
n*>  *n-l 


Sk  -  *"  Kfbn)  cos(2x fk0  dt  -  )^|  *”  Kt*bn)  slnttnf^O  dt  (25) 

n*i  Si-i  n*i  *n-l 


Considering  the  real  component  only,  It  follows  that 

sMm.i)  "  £  f"  "Vi  /  *"  1  C03<2k  fk°  dl  *  bn  J  *"  C03(2"  \0  <*t  I  (26) 
n*i  L  *n-l  *n-l  J 


Restricting  the  evaluation  to  the  sampling  described  in  (0),  (26) 
becomes 


-Sr 

L 


(2xk/NAT) 


r(-2sln(nk/N)sln(nk(2n- 1  )/N)) 


— 5^7jJjj^3ln(2nk(N- 1  )/N) 


Civon 


"n  At 


and  recognizing  that  the  final  term  in  (27)  approaches  zero, 
substitution  obtains 

%..»  “  [  -^-.^slntnkfan-D/N)  ] 

\nK/fly  n<) 


w  cwnvg- 


cos(2nkn/N) 


i 


Slat  i a r  analysis  for  the  imaginary  component  yields 


sa(la>«  inary) 


slnfwk/N) 

(*k/N) 


»ln(2n«ji/N) 


(31) 


therefore, 


5a 


(32) 


Lv 


r  <*k/N)  na 

L  aRSkTBT  J 


where  k  -  1,  2,  ....  N/2  and 


-  complex  conjugate  of 


(33) 


where  p  -  1,  2.  ....  N/2  -  1  and 


so. 


L0  ■  S0 


L^jJ«wx 


(3-0 


Note  that  aquations  (29)  through  031  only  hold  for  k  not 
equal  to  0,  that  is,  evaluating  the  DC  component.  For  that  case, 
the  complex  exponential  reduces  to  1  and  a  simple  rectangular 
integration  is  performed.  Examination  reveals  that  the  first 
order  IFT  is  an  AFT  with  a  triangular  window  applied;  magnitude 
is  affected,  phase  is  not.  The  first  order  IFT,  based  on  the  AFT, 
can  be  performed  using  FFT  techniques.  Since  tho  first  order  IFT 
is  rooted  in  the  DFT,  then  the  Nyquist  cutoff  frequency  still 
applies  to  the  analysis.  Further,  infinite  periodicity  is  still 
Implied,  despite  the  allegations  made  in  equations  (20)  through 
(22).  To  reconstruct  the  N  frequency  domain  samples  to  perform 
an  inverse  transform,  the  complex  conjugate  of  th<?  first  half  of 
the  frequency  domain  record  is  used  to  reconstruct  the  second 
half;  otherwise,  practitioners  would  find  themselves  trying  to 
resolve  a  signal  from  noise. 


The  technique  described 
that  the  first  order  IFT  can 
efficient  computation.  Most 
order  IFT  results  can  now  be 


in  equations 
be  performed 
importantly, 
inversad . 


(32)  through  (34)  show 
in  an  extremciy 
note  that  the  first 
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Lancia*  Smoothing  and  the  Zero  Order  IFT 

Cornelius  Lanczos  dsvolsd  considerable  effort  to  develop  a 
function  to  remove  the  effect*  of  the  Ctbb*  phenomenon,  that  le, 
the  rippling  that  I*  observed  when  a  Fourier  series  Is  truncated. 
He  argued  that  by  averaging  over  the  period  of  the  first  term 
neglected  (or  the  last,  term  kept)  that  the  aatn  effects  of  the 
rippling  would  be  reduced.  This  development  led  to  what  are 
termed  the  sigaa  factors 

o(N.k)  -  *$$$&  (33) 

and  were  offered  as  a  smoothing  window  to  apply  to  the  Fourier 
coefficients  of  the  truncated  series. 

Note  that  this  term  squared  is  the  term  shown  in  aquations 
(30)  through  (32).  Following  the  reasoning  applied  to  equations 
(23)  through  (34),  except  choosing  a  zero  order  function  to  fit 
to  the  samples,  that  Is,  each  sample  represents  a  step  value  that 
remains  constant  until  modified  by  the  next  sample  value,  yields 
the  sigma  factors  directly. 

oo 

n«0 


■  C  mSht  D  sk  (37) 

again.  where  k  »  1.  2.  ....  N/2  and 

conjugate  of 

and  again,  where  p  -  1,  2,  ....  N/2  -  1  and 

t0  -  S0 

3„  -  ar2  i^3*^  08) 

k-o 

This  development  begs  the  quostlon  as  to  why  a  zero  order 
IFT  doos  not  directly  evaluate  to  thu  AFT,  where  the  rectangular 
rule  was  applied  to  equations  (I)  and  (2).  The  reason  is 
twofoldi  first,  the  transform  is  accomplished  by  fitting  complex 
exponentials  to  a  given  function,  and  a  function  of  stops  is  not 
the  same  as  a  function  of  scaled  points;  second,  because  tho  DFT 
insists  that  it  is  summing  impulses,  and  impulses  are  not  band 
limited,  then  with  very  few  exceptions,  the  results  of  summing 
transformed  impulses  will  not  be  bandlimitod.  As  equation  (16) 
shows,  frequency  components  that  extend  beyond  the  Nyquist  cutoff 
frequency  cannot  be  resolved,  but  as  equations  (10)  and  (11) 
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•how,  all  frequency  component  information  must  be  retained  in 
order  to  develop  a  transform  pair.  therefore  frequency  components 
above  the  Nyquisl  cutoff  frequency  are  aliased  with  the 
frequencies  up  to  the  Hyquist  cutoff  (often  called  folding  1. 

The  sigma  factors  appj ted  to  a  DFT  of  a  square  wave  w(|| 
result  in  a  record  whose  magnitude  agrees  with  the  theoretical 
transform;  the  sigma  factors  squared  applied  to  a  DFT  of  a 
triangle  will  also  result  in  agreement  with  analytic  results.  In 
a  limited  sense,  the  sigma  factors  can  be  thought  of  as  helping 
to  filler  out  the  folding  error  inherent  in  the  DFT.  In  broad 
terms,  IFTs  of  any  order  may  be  thought  of  as  filtered  OFTs. 

Comparison  of  the  AFT,  Fast  IFT  and  Analytic  Results 

Damped  square  waves  were  used  to  assess  the  effectiveness  of 
the  fast  first  order  IFT.  The  damped  square  waves  were  produced 
using  a  generating  function  that  successively  added  terms  to  an 
infinite  Fourier  series  of  damped  sines;  the  fundamental 
frequency  was  IQ  MHs  and  low  and  high  damping  factors  were 
applied  (Q*25  and  0*5).  The  functions  were  sampled  at  0.5 
nanosecond  intervals  with  a  total  record  length  of  16304  samples. 
Transforms  were  performed  using  the  FFT  based  AFT,  the  fas*t  first 
order  IFT  (using  the  sane  FFT  routine)  and  also  calculated 
analytically.  Percentages  of  error  for  the  AFT  and  fast  IFT  were 
calculated.  The  results  aro  shown  in  Figures  I  through  0. 

Figures  I  and  2  show  the  results  of  the  transforms  of  a 
single  damped  sino  term  with  a  Q  of  25.  Figure  3  shows  the  error 
betveen  the  two  transform  methods.  Note  the  difference  in  scale; 
the  AFT  exhibits  folding  errors  approaching  I  SOX  at  the  Nyquist 
frequency,  while  the  fast  IFT  never  exceeds  0.025X  error.  Figure 
6  shows  the  errors  when  the  generating  function  is  increased  to 
seven  terms;  Figure  9  shows  the  errors  for  25  terms  with  0*5. 

In  both  cases  the  AFT  errors  approach  I50X  while  the  fast  IFT 
folding  errors  are  negligible. 

Figures  6  and  9  also  illustrate  the  aliasing  error  known  as 
leakage,  where  missed  resonance  spectral  information  is  retained 
by  first  overestimating  the  calculated  values  prior  to  a 
resonance  then  immediately  underestimating  the  successive  values. 
Just  as  these  figures  admirably  show  that  the  fast  IFT  virtually 
removes  folding  errors,  they  also  admirably  shov  that  leakage, 
the  natural  outcome  of  the  discretisation  of  a  continuous  event, 
is  absolutely  incurable. 
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10  MHs  Damped  Square  Wave,  N*  1,0*  25 


Solid  Is  analytic,  dashed  Is  FFT 


Figure  1. 
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10  MHz  Dawned  Square  Wave,  H*  1,0*  2S 


10  MHj  Damped  Square  Wave,  N*  1,  Q»  SS 
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Figure  3. 
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JO  NHs  Damped  Square  Wave,  N*  25,  0*  5 


10  MHz  Damped  Square  Wave,  N«  25,  0*  5 
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Conclusions  and  Applications 

Practitioners  of  Fourier  transform*  have  long  realised  that 
the  AFT  is  highly  erroneous  for  Host  functions  abovs  about  half 
of  ths  Nyquist  cutoff  frequency  (and  soma  vould  oven  argue  for  a 
lover  Unit),  The  choice  has  been  to  live  with  the  error*  or 
employ  slower  high  order  integral  transforms  without  the  ability 
to  inverse  the  transform  back  to  the  original  domain.  The 
technique  presented  here  offers  a  third  alternative.  Decause  of 
the  proven  inevitability  of  folding,  at  a  minimum,  a  zero  order 
correction  should  bo  applied.  if  one  has  sampled  in  the 
frequency  domain  directly,  for  example  with  a  continuous  wave 
test  set,  and  can  oee  that  the  function  was  not  bandllsitod  but 
that  test  equipment  impaired  observability,  then  the  inverse 
window  should  be  applied  if  one  wishes  to  obtain  the  inverse 
transform.  In  effect,  .this  technique  couid  be  used  to  ‘fool'  the 
DFT,  that  is,  to  introduce  the  folding  errors  that  would  be 
present  in  the  DFT  opectrum  (and  required  for  construction  of  the 
time  domain  record),  but  were  not  present  in  the  measured 
spectrum. 

For  those  that  would  persist  with  the  arguments  that  the 
current  IFT  techniques  offer  a  host  of  advantages,  such  as 
utility  with  non-equidistant  samples,  the  ability  to  choose 
frequencies  of  intarost  and  the  ability  to  resolve  values  above 
the  Nyquist  cutoff  frequency,  the  following  observations  are 
madei  1)  an  IFT  of  some  order  applied  to  non-equidistant  sampler 
is  equivalent  to  a  curve  fit  of  the  IFT‘e  order  to  generete 
equidistant  samples;  2)  if  you  can  anticipate  the  frequencies  of 
interest,  why  bother  with  transforms;  and,  3)  it  is  shown  above 
that  Nyquist  was  correct  about  sampling  a  continuous  function, 
regardless  of  subsequent  operations  that  one  may  hope  for. 

Further  research  should  prove  that  ail  higher  order  IFTs 
reduce  to  a  windowed  AFT.  Although  a  literature  search  did  not 
reveal  the  prior  existence  of  this  technique,  the  author  has  no 
doubt  but  that  some  mathematician  must  have  thought  of  it 
previously. 
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Abstract 

Transputers  arc  microprocessors  designed  for  parallel  computing  in  processor  net¬ 
works.  They  offer  large  computing  power  at  a  low  price  even  when  used  as  single  pro¬ 
cessors,  Standard  languages  like  FORTRAN  are  available.  Implementation  of  existing 
programs  is  easy.  Depending  on  the  program  structure,  parallelization  may  be  more  dif¬ 
ficult. 

We  parallelized  the  MM!’  code  and  present  details  of  implcmcntntion  together  which 
benchmark  results. 

IMS  T800  Transputers  and  the  PC 

A  TSOO  transputer  is  a  32-bit  microprocessor  with  a  64-bit  floating  point  unit  and  4  Kbytes  of 
RAM  on  a  single  chip.  4  link  interfaces  provide  communication  with  neighbour  processors.  The 
name  is  a  concatenation  of  'transistor'  and  'computer',  which  is  suggesting  the  use  of  a  single 
transputer  as  an  element  in  a  larger  network  only.  One  single  transputer  running  with  20  MHz 
is  for  floating  point  operations  typically  as  fast  as  a  20  MHz  80386  processor  with  80387 
coprocessor  and  Weitek  1 167  floating  point  accelerator,  but  much  cheaper  [  I ). 

A  wide  range  of  different  PC  compatible  boards  is  offered  by  different  companies,.  Currently 
we  use  QUADPUTER  boards  from  Microvay,  on  which  4  Transputers  with  4  Mbytes  of  mem¬ 
ory  each  arc  combined.  The  boards  can  be  connected  with  others  to  form  networks  of  arbitrary 
size.  Transputer  networks  are  a  coarse  grained  approach  to  parallel  computing,  fntctprocessor 
communication  and  especially  Input/Output  to  the  host  can  slow  down  pcrfomancc  consider¬ 
ably  and  should  be  minimized. 


PC  host  1st  transputer  board  (QUADPUTER)  additional  board(s) 
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Compilers 

OCCAM  is  the  best  language  for  transputers,  but  also  others  are  available.  We  arc  using  the 
3L  Parallel  FORTRAN  77  compiler.  It  is  very  standard,  and  it  provides  no  Double  Precision 
Complex  {COMPLEX*  16).  For  this  reason  we  had  to  partially  rewrite  the  program.  Neverthe¬ 
less  it  was  worth  the  effort  because  also  on  SUN  workstations  It  now  runs  twice  to  three 
times  as  fast  as  before.  Implementation  of  standard  FORTRAN  progrants  on  a  single  trans¬ 
puter  Is  very  simple  and  requires  no  change  in  the  program.  For  parallelization  the  program 
has  to  be  split  up  In  several  Indcpendant  programs  (tasks),  which  can  run  In  parallel  on  a  sin¬ 
gle  or  on  several  transputers.  For  communication  between  the  tasks  a  library  of  FORTRAN 
callable  subroutines  is  provided. 

Implementation  of  the  MMP  Code 

The  structure  of  the  MMP  code  is  described  In  (2).  'Hie  small  size  of  the  program  and  its  com¬ 
pact  use  of  memory  make  it  well  suited  for  the  implentcntation  on  small  machines. 

For  a  large  number  of  unknowns  practically  all  of  the  time  Is  spent  in  the  matrix  updating 
while  computation  of  the  expansion  functions  and  the  equations  become  ncglegiblc.  Thus  a 
high  degree  of  parallclity  with  few  effort  can  be  reached  by  parallelizing  only  the  updating  rou¬ 
tine  and  keeping  the  rest  of  the  program  on  one  single  transputer. 

A  closer  look  at  the  updating  routine  reveals  that  the  process  of  updating  takes  place  in  a 
front  propagating  from  the  top  of  die  triangular  matrix  to  the  bottom.  The  matrix  can  therefore 
be  split  up  iit  slices  residing  on  different  processors.  Between  the  processors  only  the  passing 
of  simple  vectors  is  necessary. 

Therefore  for  this  kind  of  algorithm  a  pipeline  structure  of  the  network  is  best  suited.  Howev¬ 
er,  this  utilization  of  (he  transputers  is  not  perfect  because  computations  on  the  different 


A  row  (shaded)  is 
updated  into  the 
matrix.  The  front  of 
computation  propa¬ 
gates  down  through 
the  matrix. 


The  matrix  is  split  up 
into  several  parts 
residing  or.  different 
processors.  The  front 
is  passed  between 
the  processors  by 
vectors. 


Network  configura¬ 
tion.  Each  processor 
holds  about  the  same 
number  of  matrix  ele¬ 
ments.  The  root 
transputer  in  addition 
computes  the  rows. 
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Fig.:  Comparison  of  relative  CPU  time  vj.  problem  size  on  different  machines  (sec  text).  The 
she  of  problem  is  indicated  by  S  which  depends  on  the  number  of  unknowns  M  and  the  number 
of  equations  N  in  an  overdetemined  system  of  equations.  Relative  time  T  is  CPU  time  divid¬ 
ed  by  problem  she. 


transputers  never  nred  exactly  die  same  time  and  the  triangle  gets  full  only  after  M  equations 
are  updated,  so  the  processors  towards  the  end  of  the  pipeline  have  less  work  to  do  than 
those  at  the  beginning  of  the  line. 

An  advantage  of  this  pipeline  configuration  is  that  the  number  of  processors  used  can  easily 
be  fit  to  the  size  of  the  problem  calculated.  The  program  docs  not  have  to  be  recompiled  and 
additional  transputers  provide  more  memory  ns  well  as  more  computing  power. 

Benchmarks  and  Comparison  with  Other  Machines 

For  comparison  we  ran  an  simple  example  with  a  varying  number  M  of  unknowns  and  N  equa¬ 
tions  on  the  following  machines: 

•  SUN3:  SUN  3/260C  workstation  with  a  25  MHz  68020  ptoccssor  and  WEITEK  1 16-1/65 
floating  point  accelerator  and  8  Mbytes  of  memory 

•  SUN4:  SUN  4/1 10  workstation  with  a  MBS6900  SPARC  processor  running  at  14.28  MHz 
and  Weitek  1 164/65  floating  point  accelerator 

•  T2,T4:  2  or  4  T800  Transputers  running  at  20  MHz  with  4Mbyte  of  memory  each  on  a 
QUADPUTER  board  by  Microway 

•  T4  ETIi:  4  T800  transputers,  0  wait  state,  the  root  running  at  30  MHz  with  2  Mbytes  of 
memory,  the  others  at  20  MHz  with  1  Mbyte  of  memory,  on  a  PC  board  built  at  the  ETH. 
Unfortunately  we  didn't  yet  have  access  to  larger  networks,  but  results  will  soon  be  available. 

With  larger  size  of  the  problem  the  difference  in  use  of  capacity  of  the  different  transputers 
and  the  amount  of  communication  between  them  gets  relatively  smaller  and  efficiency  is 
increased  compared  to  the  onc-proccssor-systcms.  This  is  especially  obvious  for  veiy  small 
problems  and  large  networks  (3], 

For  larger  problems  the  CPU  time  of  the  SUN  workstations  is  not  representative  because 
extensive  paging  increases  turnaround  time,  which  for  single  user  operation  is  then  about 
twice  the  CPU  time.  Performance  of  course  also  breaks  down  if  more  than  one  job  is  running  at 
a  time. 

Conclusions 

Transputers  offer  large  power  and  a  way  into  parallel  processing  at  a  very  moderate  price. 
Faster  transputers  arc  announced.  We  arc  looking  forward  to  larger  networks  and  to 
machines  based  entirely  on  transputers. 
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The  mixed-potential  integral  equation  is  widely  used  for  Che 
numerical  solution  of  electromagnetic  radiation  and  scattering  problems. 
Various  approximations  are  commonly  made  in  the  evaluation  of  the 
potentials  and  the  moment  method  testing  procedure  for  numerical 
Implementation  of  tiie  mixed-potential  formulation.  In  this  paper,  ue 
consider  the  effect  on  Che  accuracy  and  convergence  rate  of  the 
numorlcal  solution  due  to  some  of  these  approximations  in  the  ralxed- 
poconclal  Integral  equation  formulation.  Results  suggest  that  the 
usefulness  of  some  approximations  may  diminish  rapidly  for  larger 
structures,  oven  though  the  number  cf  unknowns  por  wavelength  used  In 
the  numerical  model  remains  constant. 


Introduction 

Surface  incogral  equation  formulations  aro  currently  usod  to  modol  a 
wida  variety  of  electromagnetic  scattering  problems  Involving  perfectly 
conducting  or  homogeneous  dielectric  scattorers.  Tho  surface  Integral 
equations  may  expressed  in  one  of  several  different  forms  for 
application  of  the  method  of  moments  numerical  solution.  Tho  mlxod- 
potential  formulation,  in  which  both  tho  vector  ami  scalar  potentials 
appear  explicitly,  has  been  usod  very  successfully  for  modeling  scrips, 
places,  and  bodies  of  rovoluclon  (1),  wires  (2],  and  arbitrarily  shaped 
bodies  (3], 

In  tho  application  of  the  mixed-potential  approach,  however,  various 
approximations  are  commonly  undo  in  a  effort  to  reduco  computation  time 
or  for  simplicity.  In  (1)  and  (2),  tho  numorlcal  solution  proccduro  may 
bo  devolopod  through  tho  uso  of  a  pulse  testing  set  and  a  crlnnglo 
expansion  see  with  subsequent  approximations  to  both  tho  tesclng 
integration  and  the  basis  function  in  tho  computation  of  vector 
potential  terms.  Tiie  numnrical  Implementations  in  [1]  and  [2)  employ 
pulse  basis  functions  to  represent  both  this  current  and  tho  chargo. 
Tills  approach  may  be  vlcvod  as  an  approximation  to  tho  uso  of  a  triangle 
basis  sot  for  tho  current  which,  when  dlfierentintod,  yields  the  somo 
pulse  basis  sot  for  tho  charge.  Another  commonly  made  approximation  in 
tho  procedure  is  tho  evaluation  of  tho  testing-  intogral  in  the  vector 
potential  contribution  to  a  matrix  element  via  a  one-point  ractangular 
rule  integration. 
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Tlie  approximation*  employed  in  chose  procedure*  seem  reasonable  when 
a  sufficient  number  of  segments  are  used  co  represent  the  scattering 
structure.  Comparison*  of  result*  obtained  using  such  approximations, 
however,  suggest  that  the  usefulness  of  some  of  the  approximations 
diminishes  rapidly  for  larger  structures,  even  when  the  number  of 
unknowns  per  wavelength  is  constant  in  the  numerical  model.  In  this 
work  ve  conaldor  the  effect  on  the  solution  accuracy  and  convergence 
race  of  the  use  of  some  of  these  approximations  in  tho  mixed-potential 
integral  equation  formulation.  Tho  problem  of  electromagnetic 
scattering  by  a  flat,  two-dimensional  infinite  strip  Ulualnatad  by  a 
piano  wavo  with  electric  field  oriented  transverse  co  tho  strip  axis  is 
employed  as  a  base  problem  for  testing  these  approximations. 


EgrsulaElon 

Wo  uso  tho  simple  scrip  geonocry  as  a  cost  case  co  provide  a  uniform 
means  for  evaluation  Clio  effects  of  various  approximations.  Tho  perfect 
electric  conductor  (PEC)  scrip  of  width  2w  is  shown  in  Fig.  1.  Tho 
scrip  is  assumed  to  bo  illuminated  by  a  normally  incident  transverse 
electric  (TE)  plane  wave.  The  electric  current  (Jx)  then  flows  only 
across  the  width  of  the  scrip.  There  is  no  current  flow  in  tho 
direction  of  tho  scrip  axis.  Tho  electric  field  integral  equation 
(EFIE)  for  this  geometry  may  be  urlccen  in  mixed-potential  form  as 


-E*nC(x)  «  -JuAx(x)  -  *^(x> 


(1) 


whoro 


Ax<x)  «  p  |  Jx(x')  C(x,x‘)  dx*  (2) 

®<x)  «  J  [y  Jx(x')]  C(x.x')  dx*  (3) 

C(x.x')  C  Jj  H<2)(k|x-x'|)  (/•) 


and  whoro  k  Is  tho  wavonumbor.  A  harmonic  Cimo  dcpondcnco  oxp(jut)  of 
the  fiold  is  assumod  and  suppressed. 

Tho  method  of  moments  (A)  is  employed  to  solvo  (1)  using  a  triangle 
expansion  set  to  roprosont  tho  unknown  induced  current  density  Jx  and  a 
pulse  testing  procedure  to  generate  tho  system  of  linear  equations.  Tho 
coordinates  associated  with  tho  N  triangle  expansion  functions  aro  shown 
in  Fig.  2a  for  a  scrip  which  has  boon  subdivided  into  (N+l)  segments. 
Tho  pulse  testing  functions,  which  extend  from  the  midpoint  one  segment 
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co  cha  midpoint  of  «n  adjaeant  se^scnc,  are  shown  In  Fig.  2b. 
Application  of  cha  method  of  nonanes  chan  yields  matrix  elesonca 
formally  daflnad  by 


where  cha  ±  symbol  Is  used  co  denoea  cha  sign  appearing  abova  cha  n 
subscript  in  y}>an  in  <S)  and  cha  7  symbol  denotes  cha  sign  above  cha  n 
subscript.  Xa±l/2"(Xn+Xm±l>/2.  An(x')  is  cha  triangle  basis  function, 
and  is  cha  Impedance  of  cha  homogenoous  medium  surrounding  che 

scrip.  Tho  Integrations  over  the  source  variable  x'  in  (6)  and  (7)  aro 
generally  ovaluaced  nuaorically,  except  that  when  tho  observation 
coordinate  is  within  che  source  region,  cha  contribution  due  to  cha 
singular  behavior  of  eho  Nankol  function  is  extracted  and  evaluated 
analytically. 

The  approximations  considered  in  this  work  all  lnvolvo  che  vector 
potential  contribution  9an  in  (6).  The  scalar  potential  torras  \\„n  in 
(7)  comprise  only  a  single  integration  ovor  tho  Hankol  function  which 
can  be  performed  fairly  efficiently.  We  also  assuoo  that  the 
Integration  over  the  source  region  is  performed  accurately,  since  crude 
approximations  of  these  integrations  have  previously  been  found  to  lead 
to  poor  results,  particularly  when  die  segmoncs  used  co  dlscroclzc  tho 
body  are  not  equal  in  length.  Sovoral  different  approximations  aro 
commonly  made  in  che  evaluation  of  che  vector  potential  term  (6), 
howover. 

One  approximation  used  to  simplify  (6)  is  Co  effectively  evaluate 
tho  Costing  integration  over  the  observation  domain  via  a  one-point 
rectengular  rule  integration.  In  this  approximation,  Van  is  evaluated 
at  tho  observation  point  xD  and  the  result  is  multiplied  by  che  lengch 
of  tho  integration  incorval.  Eq.  (6)  can  Chen  be  written  as 

*mn  =  piflVrarl]  J  ^  V*’>  H$2)(Hxffl-x'|)dx- 

Xn-1 


(8) 


This  Approximation  appear*  to  bo  vary  efficient  from  a  computational 
polnc  of  view  slnee  1.  eliminate*  the  need  for  performing  an  Additional 
numerical  Integration  over  the  obtervAtlon  coordinate*.  2ne  may  further 
approximate  (8)  by  replacing  the  triangle  expansion  function  with  a 
pulse  expansion  function  of  equivalent  moment.  Tills  procedure 
simplifies  the  evaluation  of  the  integral  slightly,  because  the 
integrand  Is  then  of  the  same  fora  as  that  of  (7).  The  numerical 
integration  procedure  and  the  extraction  of  the  singular  behavior  for 
self  terms  then  becomes  the  same  for  both  the  vector  and  scalar 
potential  terms.  One  may  argue  chat  the  procedure  l*  reasonable, 
because  when  the  observation  coordinate  is  outside  the  source  region  the 
integration  in  (8)  should  be  relatively  Insensitive  to  the  shape  of  the 
basis  function,  while  for  self  terms  the  scalar  potential  contribution 
should  bo  strongly  dominant  so  that  the  shape  of  the  basis  function  used 
In  (8)  is  again  relatively  unimportant.  Uhen  the  triangle  basis 
function  Is  replaced  by  a  pulse  function,  (8)  becomes 


*mn  “  (-®' li'-a"1)  J  /  »o2>(kIVx‘l)dx' 

xn-l/2 


A  final  approximation  to  be  considered  In  this  work  Is  the 
replacement  of  the  testing  Integration  In  (6)  by  a  two-point  evaluation 
procedure  rather  than  the  one-point  evaluation  used  in  (8).  The  two 
evaluation  points  used  In  this  procedure  are  tho  points  at  the  ends  of 
tha  domain  of  aach  testing  function.  The  motivation  for  this  approach 
Is  that  the  observation  coordinates  used  for  the  scalar  potential  and 
vector  potential  terms  are  then  the  same,  The  matrix  computation 
procedure,  thus,  becomes  slightly  simpler  and  more  offlclonc,  because 
both  contributions  are  evaluated  mora  easily  In  the  same  source/ 
observation  loop.  The  computational  advantages  of  this  approach,  as 
well  as  of  the  approximations  described  abovo,  become  more  pronounced 
vhon  threo-dlraonsional  scatcorers  are  considered.  Tho  application  of 
this  approximation  to  (6)  ylolds 


An  approximation  analogous  to  (10)  is  employed  in  tho  triangular  patch 
codo  model  for  scattering  by  arbitrarily  shaped  objects  (3). 
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Numerical  results  have  been  obtained  (or  ch«  TE  illuminated  atrip 
problem  when  oath  of  the  approximations  Indlcacod  by  (8)-(l0)  are  used. 
In  addition)  a  three-point  ‘numerical  Integration'  of  the  texting 
Integration  In  (6)  has  been  investigated  for  comparison.  (Jo  higher 
order  numerical  Integration  vas  employed  In  the  testing  procedure 
because  It  was  felt  chat  the  three-point  integration  could  be 
implemented  simply  but  could  still  provide  an  Indication  of  the  effect 
of  a  more  accurate  testing  Integration  procedure. 

Results  are  presented  for  several  cases  in  Figs.  3  through  6  In  the 
form  of  convergence  plots  for  the  current  Induced  at  the  center  of  the 
PEC  scrip.  Ir>  each  plot  the  solution  for  the  real  and  imaginary  parts 
of  the  Induced  current  ac  x«0  are  plotted  as  a  function  of  (1/N)  where  H 
is  the  number  of  unknown  coefficients  In  the  expansion  for  the  current. 
Hie  maximum  number  of  unknowns  used  In  each  case  is  N«17?»  Tha  curves 
may  be  extrapolated  to  (1/N)»0  to  correspond  co  the  expected  solution  If 
N  were  allowed  co  approach  infinity.  One  generally  expects  co  obtain 
reasonable  results  using  equations  (5)-(?)  when  about  7  unknowns  per 
wavelength  or  more  aro  used  in  the  numerical  model. 

In  Fi$.  3  is  shown  convergence  data  for  a  scrip  of  width  2w»1A.  Hie 
curve  labeled  "PA"  (short  dashes)  refers  to  the  uso  of  (9)  for  *on  where 
cho  casting  integration  is  replaced  by  a  one-point  evaluation  and  the 
triangle  expansion  functions  havo  boon  approximated  as  pulses.  The 
curves  labeled  *TE1"  (solid  lines)  wore  obtained  using  (8)  for  9on  whore 
cho  triangle  expanslbn  Is  retained,  but  a  one-point  approximation  of  the 
costing  Integration  la  performed.  Tha  curvos  labolod  "TE2"  (one  long, 
two  short  dashes)  In  each  case  roprosonc  the  uso  of  (10)  for  f'an  whore 
the  segment  midpoints  are  employed  In  a  two-point  evaluation  for  the 
costing  integration.  The  curvos  labeled  "TE3*  (dotted  line)  wore 
obtained  using  cho  chreo-point  "numerical  Integration"  proceduro  to 
perform  cho  testing  Integration  in  (6).  For  cho  1A  scrip  wo  expect 
reasonable  results  for  NJ;7  (1/N£0.1A3)  and  the  convorgenco  curves  tond 
to  confirm  this  expectation  for  oach  approach  co  cho  evaluation  of  (6). 
The  dominant  real  pare  of  Cho  computod  currents  Is  almost  the  same  for 
all  methods  for  N£7.  The  differences  in  the  smaller  Imaginary  part  of 
cho  computed  currents  are  more  noticoablo,  but  aro  still  within 
reasonable  Halts. 

Convergence  data  for  a  strip  of  width  2v=3A  is  shown  In  Fig.  h.  For 
this  case  reasonable  results  should  he  oxpecced  for  H>21  (l/N^O.0476) . 
One  notes  from  the  figuro,  however,  chat  cho  deviations  between  results 
obtained  with  the  various  approximations  aro  somewhat  greater  than  thoso 
observed  for  cho  1A  scrip  with  the  same  number  of  unknowns  per 
wavolength.  Similar  comments  may  be  made  for  the  fA-wlde  strip  results 
of  Fig.  S  end  the  lOA-wlda  strip  results  of  Fig.  6.  For  the  5A  strip 
accurata  results  would  bo  oxpcctad  for  N£35  (I/KS0.0286) ,  while  for  Che 
10A  scrip  the  range  would  bo  N;>70  (1/N^0.01A3) . 

Ono  may  infer  from  the  convorgonco  data  presented  In  Figs,  3-6  that, 
for  a  given  nuobor  of  unknowns  per  wavolength  in  the  numerical  model, 
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the  use  of  (6)  with  numerical  Integration  or  of  the  approximation 
provided  by  (8)  yields  the  nose  accurate  numerical  results,  assuming 
that  at  lease  7  unknowns  per  wavelength  have  been  used.  Ic  should  be 
noted  that  e  specific  'numerical  Integration*  formula  has  been  used  with 
(6)  to  obtain  the  *T£3*  curves  in  the  figures.  Use  of  a  different 
numerical  integration  scheme  for  the  testing  integration  nay  produce 
either  better  or  worse  results.  Furthermore,  increasing  the  accuracy  of 
the  nuserieai  integration  by  using  a  more  complex  formula  may 
significantly  Increase  the  computation  tine  required  to  obtain  the 
solution  for  a  given  number  of  unknowns.  On  the  other  hand,  if  the 
triangle  expansion  function  is  retained  and  a  one-point  testing 
integration  approximation  is  employed  as  in  (6)  one  achieves  a  solution 
accuracy  comparable  to  the  direct  use  of  (6),  but  without  a  significant 
lncreaso  in  computation  time. 
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Exploitation  of  Structural  Symmetries  for  the 
Solution  of  Huge  Mntricc* 

E.  K.  Miller*  K.  Kalbari  K.  R.  Deinnrest 

General  Research  Corporation  University  of  Kansas  University  of  Kansas 

The  drawback  of  direct  methods  of  solving  a  very  large  linear  system 
of  equation*  is  the  enormous  computational  cost  involved.  This  limitation 
arise*  from  the  A'5  and  A'1  fill  and  solve  time  requirements  of  these  systems, 
where  rV  is  the  number  of  unknown*  in  the  problem.  These  requirements, 
especially  the  iV*  one,  narrow  the  scope  of  geometric*  that  can  be  modeled 
in  many  discipline*. 

The  ability  to  solve  systems  of  equation*  with  thousand*  of  unknowns 
not  only  increases  the  range  of  geometric*  that  can  be  analysed  in  electro¬ 
magnetic  modeling,  but  extends  further  into  areas  such  as  investigation  of 
effect  of  round-off  for  very  large  arithmatic  operations,  establishing  bench¬ 
marks  for  certain  applications,  and  observing  the  effect  of  forced  sparsity 
Into  matrices  resulting  from  EM  modeling. 

This  paper  describe*  an  application  of  utilising  symmetry  ns  a  viable  tool 
in  the  EM  modeling  of  electrically  large  scattcrcr*  with  certain  symmetric*. 
The  three  basic  type*  of  symmetries,  i.c.,  reflection,  translation  and  rotation 
exist  singly  or  in  combination  in  many  geometries  of  interest.  An  example  is  a 
coaxial  array  of  parallel  rcgulnr  polygons  (or  a  cylindrical  array  of  open-ended 
wires),  which  hns  all  three  type*  of  symmetries.  The  resulting  impedance 
matrix  for  this  geometry,  given  the  right  numbering  system,  is  block-circulanl 
with  Toeplila  blocks. 

A  Fourier  transform  technique  making  use  of  the  rotational  symmetry 
of  this  structure,  in  conjunction  with  a  Toeplitx  solver  utilising  its  transla¬ 
tional  symmetry,  is  implemented  on  this  structure  to  show  the  huge  amount 
of  savings  obtained.  The  analytical  formulation  of  the  problem  ns  well  as 
estimates  of  the  number  of  operations  involved  for  all  three  type*  of  symme¬ 
tric*  individually  and  combined,  i*  presented.  The  algorithm  developed  is 
tested  by  solving  a  problem  with  thousand*  of  unknowns  and  gains  obtained 
arc  compared  with  predictions,  ns  well  ns  with  case*  where  symmetries  arc 
not  exploited.  Finally,  this  geometry  is  used  to  investigate  the  effect  of  Near 
Neighbor  Approximation  (NNAj  on  a  very  large  problem. 
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INTRODUCTION 


The  continuing  revolution  in  microelectronic*  will  demote  the  cost  of  computing 
nml  increase  the  speed  and  memory  available.  These  computer  hardware  improvements 
will  increase  current  capabilities  of  available  code*  only  to  a  limited  extent.  Additional 
capabilities  must  come  from  more  efficient  algorithms.  Computational  Electromagnetics, 
similar  to  many  other  disciplines,  confront*  a  miriad  of  problems  that,  although  analytically 
solvable,  are  not  fit  to  be  implemented  on  available  computing  machines  because  of  their 
cnourmous  storage  and  CPU  requirements.  This  paper  ndresse*  one  of  the  many  possible 
remedies  that  could  be  used  towards  developing  more  cllicicnt  cods*  by  exploiting  the 
underlying  structural  symmetries  of  a  model.  We  will  show  that  exploitation  of  any  of 
three  types  of  symmetries,  namely  rotation,  translation  and  reflection,  individually  or 
combined,  could  decrease  the  computational  burden  drastically. 

THE  COST  OP  INTEGRAL  EQUATION  MODELING 

In  integral  equation  modeling  (such  ns  MoM),  one  eventually  must  solve  a  system  of 
linear  equations  of  the  form: 

vm-n 

where  %  is  the  matrix  of  interactions  and  /  and  P  arc  the  unknown  and  excitation  vectors, 
rcscctivcly.  The  time  for  filling  the  matrix  X%  of  Order  A’,  and  then  solving  this  equation 
using  direct  solvers,  such  os  Gaussian  Elimination,  is  estimated  in  terms  of  number  of 
nrithmntic  operations  to  be 

TttAtmlP  + 

with  the  AI*  requirement  being  the  dominating  fnctor.  According  to  a  study  |1],  inversion 
of  a  complex  matrix  of  some  -1000  coefficients  per  row  takes  about  120  hours  of  CPU  time 
on  a  virtual  memory  machine  (VAX-1 1/785). 

TYPES  OF  SYMMETRY 

The  three  type*  of  symmetric*  mentioned  above  exist  in  a  variety  of  structures  (2). 
Rotational  symmetry  exists  when  the  object  is  created  upon  rotation  through  n  (discrete) 
steps,  each  equal  to  2 «■/»  radian*  (loops,  polygons,  right  circular  cylinders,...).  The  re¬ 
sulting  imprdance  matrix  for  a  structure  with  this  type  of  symmetry  is  rireulant  nr  block 
circulant  and  the  corresponding  time  of  filling  and  solving  is 

T  w  +  A„hMNfr)\ 

where  m  is  the  number  of  excited  modes  and  varies  ns  1  <  m  <  /V. 

Similarly,  translational  symmetry  can  be  defined  as  the  rectilinear  translation  of  some 
fixed  shape  (c.g.,  a  straight  wire).  The  matrix  representation  of  structures  of  this  type  is 
ToepliU,  with  the  following  time  for  filling  and  solving: 

T  as  A/iuN  +  /l,ol«ul(<(Io3jd),|. 
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Here  ii,  m  Jilt  i*  the  number  of  unknown*  per  t  cross  scclimi*  in  Hit*  dirrcllnn  of  lrnmdn> 
lion,  and  the  /(/oysf)  term  urine*  from  transforming  the  Toeplitx  matrix  of  order  l  into  a 
circulnnt  matrix  of  order  2 1  (2|. 

Finally,  reflection  of  an  object  about  one,  two  or  three  plane*  rcsnll*  in  a  sourcc/imagc 
pair  with  similar  self-  and  coupicd-intcraction  block*.  The  ease  of  an  object  above  a  perfect 
conductor  or  ground  plane  is  of  tld*  type.  The  direct  matrix  take*  the  form: 


%<i  ®  ,  %,(  K 

T  ts  AfittN* f%r  *  A"ltMiW)\ 

where  p  i*  the  number  of  reflection  plane*  and  m  i*  the  number  of  excitation  inode*, 
varying  according  to  m  a  1,2, ...2»*.  The  subscript*  *  and  i  stand  for  source  and  it* 
image,  respectively. 

To  show  the  combined  computational  raving*  of  exploiting  all  thc*e  symmetric*,  two 
structucturc*  possessing  all  three  symmetries  were  studied.  These  structure*  wcrc  a  right 
circular  cylinder  composed  of  open-ended  wire*,  and  a  coaxial  array  of  regular  polygons, 
both  shown  in  Figure  1.  The  goal  was  to  develop  a  block  circulant  matrix  with  Toeplitx 
blocks  so  that  full  advantage  of  both  symmetries  could  be  taken.  In  both  eases,  a  top- 
down  numbering  scheme  was  chosen  in  order  to  obtain  the  proposed  matrix  structure. 
Each  individual  wire  (or  loop)  was  excited  in  one  segment  via  a  voltage  source. 

TIIB  ALGORITHM 

III  order  to  develop  the  algorithm,  n  fourier  transform  pair  is  introduced  to  transform 
Toeplitx  block  and  corresponding  excitation  vector. 

m  .  m 

Vr-  ~Zsik\\ 

t»i  '  k«i 

Zi*  it  Sail, 

*»>  t«i 

where  the  transform  operator  S  is  defined  ns  a  function  of  indicies  of  blocks  and  m,  the 
total  number  of  rotational  steps  as 

Sit  =  cxp/2ir(«  -  l)(fc  -  l)/rn. 

Once  all  transformed  blocks,  Z{  and  Vy,  have  been  obtained,  the  equation  Z(  =  /yl\- 
is  solved  using  a  Toeplitx  solver  and  then  transformed  back  to  yield 

in 

/i  =  £S„/t  I  as  l,...,m 
tal 
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Tlic  symmetric  properties  of  original  7.  matrix  nrc  prr*crvcd  in  transformed  dnminn,  i.c., 
transformed  block*  nrc  still  Tocplitx  nml  reflection  symmetry  bolds. 

This  Algorithm  decrease*  the  total  arithmatic  operntion*  ns  outlined  in  Figure  ‘2.  To 
sec  the  implications,  consider  a.  case  where  N,  u  A'P.  Here,  the  costs  arc  approximately 
\/2iVJ,2iV)  and  A' 5  for  rotation  only,  rotation  +  translation  and  all  three  symmetric* 
combined,  respectively  (sec  Figure  3).  These  costs  should  be  compared  with  those  of 
direct  solvers,  which  arc  on  the  order  of  jV1 2 3  operations. 

The  algorithm  described  above  was  implemented  on  a  VAX*)  1/750  in  conjunction  with 
both  the  NFC  [3]  and  Richmond  [41  codes.  In  many  respects,  NFC  was  particularly  well 
suited  for  v  study.  It  requires  fewer  page  faults  because  of  the  symmetry  exploitation 
already  built  into  it.  However,  due  to  its  treatment  of  edges  on  thin  wires,  the  matrix 
generated  is  not  a  "perfect”  Tocplitx.  For  this  reason,  the  Richmond  code  was  used  for 
cylindrical  array  of  open-ended  wire*  and  NBC  for  the  array  of  parallel  loop*. 

The  fill  and  solve  times  were  recorded  for  different  number  of  unknowns  as  shown  in 
Figure  *1.  The  CPU  limes  were  somehow  higher  than  our  predictions,  due  mainly  to  the 
paging  required  in  and  out  of  CPU  in  a  virtual  memory  machine.  The  maximum  number 
of  unknowns  that  a  VAX-11/780  (with  limited  page  fault  quota)  could  handle  was  C  tOUO. 
This  limitation  was  due  to  the  increased  memory  required  by  these  codes  for  other  auxiliary 
functions  as  the  number  of  unknowns  is  increased,  if  this  page  fault  quota  had  not  been 
in  place,  the  solution  of  a  system  of  equations  in  the  order  of  1000,000  would  have  been 
possible. 


AN  APPLICATION  EXAMPLE 

To  show  the  usefulness  of  such  nn  algorithm,  a  series  of  numerical  experiments  were 
conducted  to  determine  the  solution  error*  induced  by  systematically  neglecting  impedance 
couplings  of  distant  subsection*  of  the  geometry.  This  can  be  termed  a  Near  Neighbor 
Approximation  (NNA).  This  algorithm  is  an  ideal  test-bed  for  tracing  the  effects  of  the 
NNA  on  extremely  large  structures,  since  the  "exact"  solutions  arc  so  easily  calculated. 
We  implemented  three  thinning  strategies  on  n  matrix  with  10,000  coefficients  per  row  and 
compared  the  resulting  “approximate'’  solution  with  the  exact  one  .  These  strategies  were 

1.  NNA  based  on  keeping  only  internal  couplings  within  specified  wires  while  other  wire- 
wire  couplings  arc  ignored.  The  sparse  matrix  that  is  solved  is  then  a  singly  block 
banded  matrix.  The  resulting  current  distribution  as  well  as  mean  square  error  ns  n 
function  of  window  of  interactions  that  arc  kept  is  shown  in  Figure  5. 

2.  NNA  based  on  keeping  interactions  within  a  cylindrical  window,  which  results  in  a 
multiply  block-banded  sparse  matrix  with  equal  bnmls.  The  corresponding  current 
distribution,  ns  well  a  mean  square  error  (MSE)  ns  a  function  of  bnndwith,  is  shown 
in  Figure  C. 

3.  Finally,  a  NNA  strategy  based  on  keeping  interactions  that  nrc  within  a  distance 
threshold  in  a  3-D  sense  was  examined.  The  resulting  sparse  matrix  is  again  multiply- 
block-banded  but  with  unequal  bands.  The  error  function  and  current  distributions 
arc  shown  in  Figure  7. 
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SUMMARY 


In  this  paper,  we  have  shown  that  the  exploitation  of  symmetry  is  a  viable  means  worth 
considering,  especially  when  large  and  dense  matrices  arc  to  be  solved  .  The  amount  of 
snvings  obtained  depends  on  the  degree  and  type  of  structural  symmetries  that  exist  in  a 
given  geometry.  Furthermore,  special  symmetrical  problems  can  be  used  ns  a  test-bed  to 
investigate  other  techniques  that  require  the  exact  solutions  of  very  large  systems  of  equa¬ 
tions  for  comparison.  Finally,  these  special  test-beds  can  be  exploited  to  set  benchmarks 
in  areas  such  ns  study  of  round-olfin  extensive  computations. 
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HOW  EFFICIENTLY  TO  CALCULATE  MATRIX  CONDITION 
NUMBERS  AND 

THE  ERROR  BOUNDS  THEY  GENERATE 


Francis  X.  Canning 
Rockwall  Sclanca  Cantar 
1049  Camlno  Dos  Rios 
Thousand  Oaks,  CA  91360 

ABSTRACT 

It  Is  suggested  that  when  problems  In  electromagnetic  field  computation 
involving  matrix  equations  are  solved,  it  is  appropriate  to  routinely 
calculate  tho  matrix  condition  number,  x.  The  first  reason  given  is  that  x 
gives  Important  Information  on  both  the  desirability  of  the  numerical 
formulation  of  the  problem,  and  on  the  correctness  of  the  geometrical 
specification  of  the  scattered  The  second  reason  given  Is  that  any  of 
several  definitions  of  x  may  be  computed  In  a  negligible  additional  time 
(say  onepercent  extra)  once  the  matrix  has  been  LU  decomposed.  Several 
well  known  methods  for  computing  x  are  given,  as  Is  the  bound  on  accuracy 
of  the  answer  that  it  provides.  Finally,  some  considerations  In  programming 
these  methods  for  computing  xare  given. 

I  Definition  of  the  condition  number,  x 

The  paper  begins  by  defining  the  condition  number,  x,  of  a  matrix  and  how 
its  definition  depends  upon  the  matrix  norm  used.  Throughout  this  paper, 
only  consider  square  matrices  composed  of  complex  numbers  will  bo 
considered.  For  a  matrix  Z,  Its  condition  number,  x(Z),  Is  defined  as: 

k(2)  ==  ||Z||  -  HZ-'H  (1) 

Clearly  the  definition  of  x  depends  upon  the  matrix  norm  used.  Often  this  is 
signified  by  writing  the  norm  as  a  subscript  to  x. 

One  class  of  matrix  norms,  the  p-norms,  are  defined  by 


l)Z||p  ==  max(x>  «)Zx|rp  /||x||p)  (2) 
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The  matrix  p-norms  are  In  turn  deflnod  In  terms  of  the  vector  p-norms. 
The  three  vector  p-norms  ol  Interest  to  us  are: 


IMIi  =  lxil  *  Ix2|  +  |x3|  + ...  +  |xn| 

(3) 

l|x|l2  =  (N2  +  M2  +  -  +  i*nl2)1/2 

(4) 

||x||oo  =  maxm  {|xm|} 

(5) 

We  note  that  It  Is  easy  to  show  that  the  matrix: 

1- norm  Is  the  largest  column-sum 

2- norm  Is  the  largest  singular  value 
oo-norm  Is  the  largest  row-sum. 

For  example,  the  largest  matrix  column-sum  Is  defined  as  follows.  For  each 
column  of  the  matrix,  one  sums  the  absolute  values  of  the  elements  In  that 
column.  The  largest  sum  that  one  obtains,  then  gives  the  1-norm  of  that 
matrix.  Putting  these  definitions  together,  we  find  that  the  condition 
numbers  In  the  one  and  Infinity  norms  respectively  are: 

k'i  =  largest  col-sum[Z]  *  largest  col-sumfZ*1]  (6) 

*oc  =  largest  rowsum[Z]  *  largest  rowsum[Z'1]  (7) 

NOTE:  This  is  easy  to  compute  once  Z't  is  found.  However,  calculating  Z't 
takes  4  x  as  long  as  finding  Its  LU  decomposition.  Thus,  these  formulas  are 
appropriate  as  definitions,  but  not  useful  for  efficient  computation. 

Consider  now  the  two-norm.  If  Is  the  maximum  eigenvalue  of  Z, 
then  we  have: 


maX{Xj  ||Zx||2/||x||2  { =  Xmax  If  Z  Is  Hermltlan  (8) 

{>=  IWI  For  all  Z  (9) 

{ =  |  Xmax|  If  Z  Is  normal  (10) 

{ =  °max  For  all  Z  (11) 


Where  o(2(Z)  ==  ^(  ZhZ) 
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In  ths  past,  some  authors  have  used  the  eigenvalues  of  matrices 
arising  In  electromagnetics  as  a  guide  to  estimating  the  condition  number 
ol  those  matrices.  There  is  really  no  need  to  do  so,  since  the  actual 
condition  number  can  be  calculated  very  easily  and  efficiently.  In  fact,  this 
approximation  of  the  singular  values  by  the  eigenvalues,  for  a 
non-Hermitlan  matrix,  is  unjustified  and  may  lead  to  large  errors.  For 
example,  consider  the  non-symmetric  real  matrix  discussed  by  Moler  (1): 

Z= 

(-149  -50  -154)  X-j  =  3  oi  =  817.760 

(537  180  546)  *2  =  2  02  =  2.47497  (12) 

(-27  -9  -25)  X3  =  1  03  =0.0029645 

The  eigenvectors  of  this  matrix  ore  1, 2,  and  3.  If  one  were  to  approximate 
the  singular  values  of  this  matrix  by  its  eigenvalues,  then  one  would  think 
its  condition  number,  *r2,  was  equal  to  three.  The  actual  condition  number 
of  2  Is  almost  five  orders  of  magnitude  largerl  That  means  that  2  is 
actually  quite  pooriy  conditioned.  Moler  also  discussed  the  matrix: 


Z+AZ  = 

(-149.00060  -49.99807  -154.00004) 

(  536.99980  180.00063  545.99998) 
(  -27.00061  -8.99803  -25.00004) 


X3  =  03=  0.00000...  (13) 

Note  that,  within  the  accuracy  of  single  precision,  2  and  2+AZ  are  the  samo 
matrix.  However,  2  has  eigenvalues  of  1, 2,  and  3  white  2+A2  Is  singular. 

II  Bounds  generated  by  k 

Consider  the  matrix  problem  given  by 


ZJ  =  V 


(14) 


Due  to  errors  In  representing  V  and  Z,  one  actually  solves  the  matrix 
problem  for  a  modified  J,  i.e.  J+5J,  given  as: 
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(Z  +  5Z)(J  +  5J)  =  V  +  5V 


(15) 


A  bound  (or  the  chnngo  In  J  dua  (o  the  ‘errors*  In  V  and  Z  Is  (2); 

INI  2  max{|{5Z||/||Z||,  j|5V||/||V||} 

—  <=  K -  (16) 

IUII  1-  k||5Z||/||Z|| 

Eq.(16)  applies  (or  any  of  lha  norms  mentioned,  provided  that  kIs  also  given 
In  that  norm. 

Ill  How  (efficiently)  to  calculate  k 
A  Strategy  -  {in  the  1-Norm 

{in  the  oo-Norm 

a)  Calculate  {HZHqq  as  the  largest  rcwsum 

{||Z||-f  as  the  largest  col-sum 

b)  Calculate  HZ’1 1|  by: 

I)  Choose  x0 

II)  Solve  UhLh  a  =  x0  for  a  (Z=LU;  Zh=UhLh)  (17) 

ill)  Solve  LU  b  =  a  (18) 

ivjlir1!!  >=  llb||  /  Ha|| 

v)  Approximate:  ||Z_1J|  ~  ||b||  /  ||a|| 

c)  Calculate  an  approximation  to  k  by 

iizii  mu  Hall 

Unpack  [3]  uses  this  procedure  in  the  one-  norm  for  its  condition 
number  estimator.  In  addition,  it  has  an  algorithm  for  picking  x0 

so  that  the  Inequality  in  b-iv  will  generally  be  close  to  an 
equality. 
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A  Siraiogy  in  the  2-Norm 

Let  Xm  and  em  be  eigenvalue*  and  eigenvectors  of  2^2 

a)  Choose  x0 

b)  Decompose  x0  as; 

xo  =  ^1e1  *  ^2e2  +  ^3e3  +  ***  +  ^nen 

where  >=  ^  >=  X 3  >=  ...  >=  Xn  >=  0 

c)  Define  Xm  =  ZhZ  Xm_., 

=  e1  +  e2  + ...  +  Xnm  en 

~  V"ei 

d)  Choose  X'0  =  X0 

e)  Define  x'm  =  (ZhZ)-1  X’m_i 

=Vm  e1  +  Vm  e2  +  •••+  V™ 

-  Vm*n 

f)  Approximate  ^  ^  ||Xm|j  /  Hxm.1||,  In  any  norm 

g)  Calculate  ||Z||2  =  If*  ~  [||Xm||  /  Ux^M1" 

h)  Approximate  X,,*1  J|X,jn||/||X,m_1||,  in  any  norm 

I)  Calc.  ||Z*1||2=V1/2~[i|x’m||/||x'm.ill]-1/2 

J)  Finally,  x2(Z)~||Z||2  \\T% 

IV  Computational  Issues 

All  of  the  methods  given  are  0(N2).  This  means  that  they 
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require  a  negligible  amount  of  computer  time  compared  to  the 
0(N3)  time  necessary  for  the  LU  decomposition  of  Z.  Efficient 
subroutines  already  exist.  For  instance,  Unpack  uses  the  method 
given  above  for  the  one-norm  (see:  CGECO).  It  Is  attractive  to 
simply  use  the  subroutines  in  Unpack,  unless  one  needs  code  that 
vectorizes  on  a  given  machine,  or  possibly  if  there  are  severe 
memory  problems.  All  of  the  above  methods  are  easy  to 
program,  so  you  may  take  your  choice.  My  personal  bias,  is  that 
the  2-Norm  is  the  best.  Also,  by  iterating,  one  can  see  when  the 
estimate  stabilizes,  and  thus  control  the  error  in  the  answer. 

Since  this  is  only  an  0(N2)  process,  the  extra  time  is  not 
significant.  One  can  further  increase  the  convergence  rate  by 
using  a  sophisticated  choice  for  x0  as  is  done  in  Unpack  (3).  For 
some  related  papers  relating  to  condition  numbers  in 
electromagnetics  and  their  computation,  see  [4]  -  [6]. 

There  is  one  hint  that  will  help  in  programming  the  calculation 
of  any  of  the  condition  numbers  mentioned  above.  Assuming  that 
one  already  has  routines  for  finding  the  LU  decomposition  of  a 
matrix  Z,  he  probably  also  has  routines  for  solving  for  a  in: 

Zha  =  x0  (19) 

It  also  is  necessary,  however  to  solve: 

Z  b  =  a  (20) 

Actually,  the  equations  given  above  (Eq.  (17),  (18))  were 
oversimplified,  since  when  one  uses  partial  pivoting  (as  is  nearly 
universally  done),  the  "LU  decomposition  of  Z  with  partial 
pivoting"  gives: 

LU  b  =  P  a  (21) 
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where  P  is  a  matrix  that  permutes  rows.  Since  P  is  a  unitary 
matrix,  we  also  have 


Z  =  Ph  LU;  and  Zh  =  UhLhP  (22) 

if  we  first  solve  for  the  product  (Pa)  in 

UhLh  (Pa)  =  x0  (23) 

then  we  may  solve  for  b  in 

LU  b  =  Pa  (24) 

We  never  really  need  to  find  a  since 

||Pa||  =  1 1  a||  (25) 


for  the  norms  considered  above.  Since  Uh  is  lower  triangular  and 
Lh  is  upper  triangular,  UhLh  is  the  LU  decomposition  of  ZhPh.  Thus, 
in  writing  a  routine  for  solving  Eq.  (23),  one  can  copy  the  routine 
for  solving  Eq.  (21).  However,  if  L  had  ones  on  its  diagonal,  one 
must  account  for  those  ones  being  on  the  diagonal  of  the  upper 
triangular  matrix  lh  in  Eq.  (23).  Again,  Unpack  already  has  the 
subroutines  for  solving  both  Eq.  (21)  and  (23).  One  either  can  use 
those  as  is,  or  as  a  model  for  writing  a  specialized  version. 

V  Practical  Issues 

It  has  been  shown  that  one  can  calculate  the  matrix  condition 
number  of  the  matrices  arising  in  electromagnetics  with  little 
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effort  and  little  computational  cost  whenever  one  already  Is 
calculating  their  LU  decomposition.  One  should  routinely 
calculate  this  condition  number,  since  it  can  provide  valuable 
Information.  A  bound  on  the  accuracy  of  the  resulting  calculation 
of  the  current  was  given  earlier.  On  a  more  practical  note,  an 
abnormally  large  condition  number  in  a  routine  calculation  often 
signifies  that  the  geometry  was  not  specified  in  a  desirable 
manner.  This  is  especially  important  when  a  non-expert  user  Is 
running  a  program.  The  program  can  automatically  warn  him  that 
the  results  may  not  be  reliable,  and  that  further  attention  Is 
advisable.  Condition  numbers  are  also  helpful  In  code 
development,  fora  variety  of  reasons. 
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ABSTRACT 


A  nuaber  of  CAD  packages  exist  that  allow  for  easy  construction  of 
objects  cosposetl  of  staple,  canonical  shapes  which  can  be  used  by  high- 
frequency  scattering  prediction  software  packages*  One  such  codellng  package 
will  be  considered  here  Is  the  Syracuse  Research  Corporation  Conputer-Alded 
Modeling  Package  (SCAMP).  These  geometric  codeia  are  usually  not  directly 
usable  for  low-frequency  scattering  prediction  codes  such  as  those  using  the 
nechod  of  cosents.  Method-of-aosent*  packages  generally  require  geoaetrlc 
codeia  that  are  coeposed  of  a  nuaber  of  localised  subdonains  such  as  triangu¬ 
lar  patches  that  are  connected  In  such  a  way  as  to  ensure  proper  electrical 
continuity. 

A  software  package  has  been  written  that  can  perforc  all  of  the 
appropriate  conversions  so  that  a  oodal  that  was  built  using  SCAMP  can  be 
used  by  a  triangular  patch  eechod-of-ROcents  software  package.  The  codel  can 
be  arbitrarily  shaped;  consisting  of  any  nuaber  of  generalised  frusta  and 
triangulated  ahapes.  The  operation  of  this  nodel  conversion  package  will  be 
described. 


Three  basic  steps  oust  be  performed  to  convert  an  arbitrarily 
shaped  model  Into  the  appropriate  triangular  patch  forsat:  (1)  to  triangu¬ 
late  all  of  the  objects,  (2)  the  intersection  between  these  triangulated 
objects  oust  be  found,  and  (3)  to  retrlangulate  the  regions  of  Intersection, 
taking  care  tc  ensure  that  the  sodel  satisfies  the  requircaents  taposed  by 
the  nethod-of-nooents  technique. 
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1.0  IWTK08UCTI0S 


This  paper  discusses  a  software  package  which  converts  an 
arbitrarily  shaped  computer-generated  geometric  model  into  a  forest  that  Is 
suitable  for  applications  which  utilise  the  method  of  moments.  The  sonant 
net  hod  formulation  which  we  are  using  Is  based  on  the  work  done  by  Kao. 
Wilton,  and  Cllsscn,  1982.  The  surface  of  an  object  is  modeled  by  triangular 
patches  and  the  corresponding  basis  function  Is  triangular. 

The  work  presented  here  represents  an  extension  of  an  existing  CAD 
modeling  package  that  was  developed  for  use  by  a  scattering  prediction  code 
which  employs  high-frequency,  asymptotic  techniques.  This  modeling  package 
(SCAMP)  allows  for  the  creation  of  two  types  of  geometric  objects.  The  first 
la  a  surface  chac  is  represented  by  triangular  patches,  and  is  thus  suitable 
for  moment  method  applications.  The  second  Is  a  class  of  canonical  shapes 
chat  are  referred  to  as  generalised  ellipsoidal  frusta.  Furthermore, 
construction  of  an  arbitrary  geometric  model  Is  typically  accomplished  by 
modeling  each  component  shape  In  a  model  separately.  While  this  approach  is 
suitable  for  high-frequency  scattering  predictions,  It  will  yield  inaccurate 
results  in  the  low-frequency  region. 

Therefore,  to  concert  an  arbitrary  model  built  with  the  SCAMP 
modeling  package  into  a  suitable  triangular  patch  format,  two  general 
functions  need  to  be  performed.  The  first  Is  the  crlangulntion  of  any 
generalised  ellipsoidal  frusta  shapes.  The  second  Is  to  find  the  intersec¬ 
tion  of  any  two  objects  and  connect  them  appropriately. 

2.0  TRIANCULATION  OF  GEKF.RAL1ZED  ELLIPSOIDAL  FRUSTA 

The  first  step  In  converting  an  arbitrary  geometric  model  for  use 
by  a  method-of-mcments  application  Is  to  triangulate  any  generalised  frusta 
in  the  model.  A  generalised  frusta  can  be  described  by  two  parametric 
variables,  t  and  C,  where  the  c  variable  is  along  the  length  of  the  object 
and  the  C  Is  an  angle  around  the  circumference. 
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A  generalised  frusta  can  be  triangulated  by  dividing  It  up  l..to  sections 
along  its  length  and  then  breaking  up  eaeh  section  Into  divisions  around  Its 
circumference.  Some  examples  of  this  process  are  shovn  In  Figure  1. 

3.0  CONNECTION*  OF  TVO  TMAN'CUUTED  OBJECTS 

Once  a  geometric  model  Is  comprised  solely  of  triangular  patch 
objects ,  It  remains  to  connect  any  objects  which  are  intersecting  but  not  yet 
physically  connected.  As  sketched  In  Figure  3,  the  nature  of  the  inter¬ 
section  between  two  triangles  Is  different  for  the  coplanar  and  non-coplanar 
cases.  For  the  non-coplanar  ease,  the  Intersection  is  in  the  form  of  a  line 
segment!  while  for  the  coplanar  case,  the  general  form  of  the  region  of 
intersection  is  a  polygon,  then  two  triangles  intersect,  we  will  use  the 
notation  "outlines"  to  describe  the  line  segment  at  the  intersection  and 
"outpoints"  to  describe  the  two  endpoints  of  this  line  segment. 

The  algorithms  for  both  cases  are  comprised  of  two  basic  steps. 
The  first  step  is  to  find  and  define  all  of  the  intersections  between  the  two 
objects.  This  la  done  by  comparing  eaeh  triangle  In  one  object  with  each 
triangle  in  tbe  second  object.  Then,  the  second  step  is  to  retriangulace  tbe 
triangular  patches  which  contain  these  Intersections. 

3.1  Intersection  of  Two  N'on-Coplanar  Triangles 

To  find  these  cutlines,  an  algorithm  based  on  work  done  at 
the  University  of  Mlssourl-Rolla  and  McDonnell  Douglas  Alreraft  Company 
(Sabharwal  and  Melson,  1988)  was  utilised.  The  two  triangles  and  the  line 
formed  by  tbe  intersection  of  the  planes  which  contain  the  two  triangles  are 
parameterized.  Then  ordinary  differential  equations  are  used  to  see  if  the 
two  triangles  intersect  and,  if  they  do,  the  two  cucpoincs  are  then  found. 
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(a)  S'on-Coplanar  (b)  Coplanar 

Figure  2.  Intersection  Twr,  Triangles 
For  the  vectors  defined  in  Figure  3,  the  parametric  equations  of 


I 

the  tvo  triangles  can  be  written  as  follows: 

£j(p<q)  *  i  +  P£  +  tl3  0  *  p,q.p+q  5  I  (3) 

Rj(u,v)  «  B  +  uU  +  v V  05  u,v,u+v  S  1  W 

and  the  corresponding  normal  vectors  can  be  defined  as: 

Nj  -  F  x  g  (5) 

Nj  -  U  x  V  (6) 


i 
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Figure  3.  Intersection  of  Two  Crossed  Triangle* 

Tlte  requirement  that  the  two  triangles  he  nun-eoplnnar  ensures  chat  N.  x  Nj  i* 
0.  Thus,  the  equation  of  the  intersection  of  the  planes  which  contain 
triangles  A  and  B  can  be  parametrically  represented  as 

R(0  "  £  +  t  Sj  x  Nj  (7) 

The  expressions  for  the  triangle  parameter*  p,  q,  u,  and  v,  In 
ceres  of  the  parameter  c,  are  found  by  differentiating  the  three  paraaecrlc 
equations  3t  4,  and  7.  The  resulting  equation*  are  found  to  be: 


p(e)  « 

-2  .  n2  t  +  cp 

(8) 

q(t)  - 

P  •  N,  c  +  C 
-  -2  q 

(9) 

u{c)  - 

1  •  *1  ‘  +  CU 

(10) 

v(c)  - 

‘  +  cv 

(ID 

where  C  .  C  , 
P  <? 


Cu,  and  Cv  are  constants  of  integration. 
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To  decaraine  whether  the  line  of  intersection  passes  through  a 

triangle,  the  Units  of  the  triangle  par, soccers  arc  enforced.  Thus  for 
triangle  A,  ve  wise  have  0  $  p,q,ptq  s  1,  or 

0  *  -0  •  N,  c  +  C  S  1  (12) 

a  -2  p 

OS  r  •  S,  t  +  C,  i  I  (13) 

—  —2  y 

0  S  (£  •  >»2  “  2  *  c  +  cp  +  Cq  S  1  (14) 

uhich  is  illustrated  in  Figure  4.  Sinil ac  inequalities  can  be  vrltten  for 
triangle  B.  By  enforcing  the  above  inequii’leUip  or  the  Unita  of  0  and  1, 
correaponding  values  of  t  can  be  found.  The  final  step,  given  chat  the  line 
of  incernecfcion  passes  through  both  triangles,  i a  to  ace  if  the  resulting 
line  segments  overlap.  The  two  possibilities  are  sketched  in  Figure  5. 
There  is  no  intersection  between  the  triangles  if  the  two  line  segeencs  do 
not  intersect.  However,  if  the  two  segnenta  do  ovarlap,  then  the  cucline  is 
found  by  the  region  of  the  overlap. 

3.2  Racrlangulatlon  of  an  Intersected  Triangle 

Once  all  of  the  outlines  are  found  between  each  pair  of  criangles, 
ic  renaina  to  ratriangulnce  the  triangular  pacches  which  contain  outlines. 
The  problea  is  illustrated  in  Figure  6.  To  do  this,  techniques  such  as  chose 
found  in  computational  gcosecry  will  be  utilized. 

The  edges  and  nodes  of  the  original  triangle,  along  with  all  of  its 
outlines  and  cutpolncs  fora  an  edge  sac  E  and  a  vertex  act  V.  Since  none  of 
these  edges  intersect,  then  the  edge  end  vertex  set  fora  a  planar  straight 
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Figure  4.  Incarsec-icn  at  Paraeetric  Lina  and  Triangle 


{  mix  ^  min  ^  mil  ^  min 

IM - . '* . .  ■+  NO  INTERSECTION 


A2 


At 


t-«- 


—  =>  INTERSECTION 


Figure  5.  Intersection  of  Triangle  Rased  on  Limits  of  t 
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Figure  6,  Regularization  of  a  Triangle  vich  Outline* 

line  graph  (i'SLC).  The  algorithm  u*ed  to  fora  chi*  graph  into  a  *«c  of 
triangle*  contain*  three  aceps: 

1.  Regularise  the  rSLG. 

2.  Find  all  of  the  conocona  polygon*  in  the  regular  PSLC 
by  the  uae  of  chains. 

3.  Triangulate  each  nonotone  polygon. 

For  the  first  *tep,  the  vertices  of  the  polygon  Bust  be  ordered 
along  soae  line  a.  A*  shovn  in  Figure  6,  the  direction  of  the  line  •  shall 
be  chosen  to  be  parallel  to  an  edge  of  the  original  triangle.  Thus,  the 
first  and  laac  vertices  v^  and  v^  are  nodes  of  the  original  criangle.  A 
vertex  Vj  is  said  to  be  regular  if  there  are  two  integer*  i  <  J  <  k  such  chat 
(v^,  v^)  and  (v^,  v^)  are  edges  of  the  graph  C.  The  graph  C  is  aald  to  be 
regular  if  each  vertex  Vj  la  regular  for  1  <  j  <  N. 


The  regularisation  procedure  (Preparaca  and  Shamos,  1985)  adds 
edges  co  c«6  rSLG  which  do  not  intersect  with  any  ocher  edge  and  cake  each 
vertex  regular.  An  illuacraeion  of  this  procedure  is  shown  in  Figure  6. 

At  this  point  it  can  be  recognised  chat  the  I’SLC  consists  of  f 
polygons,  where 


f  *»  1  +  e  -  v 

Furthermore,  each  of  these  polygons  is  monotone  with  respect  co  the  line  s. 
To  find  these  polygons,  the  graph  can  be  decomposed  into  a  number  of  monotone 
chains. 


Each  chain  will  begin  at  vertex  Vj  and  end  at  vertex  v^.  There 
will  be  f  +  l  chains,  which  are  ordered  from  lowest  co  highest.  The  lowest 
order  chain,  Cj,  will  always  be  defined  as  starting  ac  Vj  and  traveling 
straight  along  the  "bottom'*  of  the  original  triangle.  The  highest  order 
chain  will  consist  of  the  other  two  edges  of  the  original  triangle.  An 
example  is  found  in  Figure  7.  After  all  of  the  chains  are  found,  the 
polygons  can  be  formed  by  combining  adjacenc  chains  according  co  the 
following  rule: 

polygon  l  -  Ct  +  C1+l  -  Ct  fl  Cl+l  i  -  l,...f 

• 

The  third,  and  final,  seep  in  the  recrlangularisaeion  process  is  co 
criengulace  each  monotone  polygon.  Although  each  polygon  is  monotone,  and 
thus  simple,  they  need  not  be  convex.  The  triangular lsacion  o {  each  polygon 
is  accomplished  by  applying  the  algorithm  aa  presented  in  Carey,  Johnson, 
Preparaca,  and  Tarjan,  1978.  The  vertices  are  stepped  through  from  highest 
to  lowest.  As  a  vertex  is  processed,  a  nuubor  of  diagonals  may  be  added  co 
the  polygon.  Each  diagonal  is  added  such  chat  an  n-sldcd  polygon  is  divided 
up  into  a  triangle  and  an  n-1  sided  polygon.  An  example  of  this  process  is 
given  in  Figure  8. 
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Flaura  7.  Decomposition  into  Monotone  Chains 
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3.3  Intersection  of  Coplannr  Triangles 

If  two  triangles  are  coplnnnr,  min-max  boxes  can  be  utilised  to 
nrasereen  a  set  of  two  triangles.  If  the  boxes  do  not  overlap,  then  the 
triangles  cannot  overlap.  However,  if  the  two  boxen  overlap,  then  the  two 
triangles  Bay  overlap. 

The  procedure  for  determining  if  two  triangles,  A  and  »,  overlap 
involves  two  steps.  The  first  is  to  see  if  any  nodes  of  triangle  A  lie 
inside  triangle  B,  and  vice  versa,  The  next  step  is  to  find  all  of  the 
intersecting  edges  between  the  two  triangles.  Then,  based  on  the  nunber  and 
location  of  the  intersecting  edges  snd  interior  nodes,  an  algorlthn  is 
exercised  to  find  the  corresponding  outlines  and  outpoints. 

As  for  the  cnsc  of  non-coplanar  triangles,  the  resulting 
intersection  nust  be  retrisngulated.  The  sane  procedure  an  described  in 
Subsecdon  3.2  is  followed.  However,  for  Intersecting  coplanar  triangles, 
the  polygon  formed  by  their  intersection  is  treated  separately. 

3. A  Modification  for  Intersecting  Surfaces 

Recall  that  the  basis  functions  which  will  be  utilised  were 
designed  for  nn  edge  which  in  shared  by  one  pair  of  triangles  (N-2). 
Intersecting  surfaces  cause  sn  edge  to  be  shared  by  more  than  tuo  triangles. 
If  a  lino  charge  is  not  penaitted  along  an  edge,  then  the  total  current 
leaving  an  edge  cust  vanish: 


N 

2  1*  “  0  (15) 

1-1 

Instead  of  modifying  the  basis  function,  the  model  geometry  will  be  modified. 
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When  an  edge  la  shared  by  !«’  triangles  (where  .**  >  2),  X-2  "floating" 
pairs  of  triangles  will  he  added.  These  triangles  will  he  colocated  with  any 
two  of  the  original  triangles.  Also,  the  Intersection  will  he  broken  up  In 
such  a  way  so  that  only  two  triangles  share  a  common  edge.  The  current 
across  the  common  edge  of  a  floating  pair  la  an  added  unknown.  This 
procedure  is  Illustrated  in  Figure  9. 

4.0  RESULTS 

Figures  10,  11,  And  12  show  gone  of  the  models  which  can  he 
generated  by  this  process.  Figure  10  shows  two  crossed  strips,  both  before 
and  after  being  connected.  Figure  l!  shows  sn  example  of  two  coplanar 
plates.  The  cosblnation  of  triangulated  generalised  frusta  and  connection  of 
two  triangular  objects  la  illustrated  In  Figure  12  with  a  hemisphere  sitting 
on  a  ground  plane.  The  model  is  initially  composed  of  two  objects:  the 
hemisphere  was  modeled  as  a  generalised  frusta  and  the  ground  plane  as  a 
triangulated  plate.  Then  the  hemisphere  is  triangulated.  Once  both  objects 
are  triangular  patch  models  they  are  connected,  resulting  in  additional 
triangular  patches. 
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Figure  9.  Addition  of  floating  Taira  at  Intersecting  Surfaces 


Figure  10.  Intersecting  Crossed  Scrips 
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Abstract 

Fast  and  flexible  output  routines  are  essential  for  every  numerical  program,  not  only 
to  plot  the  resutU  but  above  alt  to  control  the  simulation.  The  special  aspects  of  the  Mul- 
tiplc  MuitiPole  (MMP)  Program  packages  for  the  output  techniques  are  described.  The 
present  output  routines  for  dynamic  electromagnetic  fields  are  hereafter  discussed  and 
illustrated.  These  include  plotting  of  scalar-  and  vectorflctds  in  two-  and  threedimcnsSon- 
al  space  as  well  as  visualization  of  time  dependence. 


Introduction 

A  simple  classification  of  different  graphical  techniques  for  field  representations  can  be  made 
with  regard  to  their  purpose; 

*  Analysis,  error  detection:  Above  alt,  research  applications  require  cfficic"!  display  of  com¬ 
puted  results.  As  much  information  as  possible  (and  reasonable)  should  be  viewable  at 
one  sight.  The  representation  of  residues  combined  with  the  geometry  of  die  model  is  of 
great  use  for  this  purpose.  Vector  representations  of  the  calculated  Helds  especially 
around  boundaries  arc  also  helpful  to  check  the  quality  of  the  results. 

*  Education:  In  this  area,  clearness  and  comprehensiveness  arc  more  important  than  high 
infottnation  density.  However,  well  designed  vector  chans  make  It  possible  to  meet  both 
of  these  requirements.  Sequential  display  of  plots  from  different  time  points  are  very  well 
suited  for  educational  demands. 

-  Illustration:  Plots  for  illustrations  should  attract  the  attention  of  the  reader.  Good  printing 
quality  (high  resolution  output  devices)  is  imponant. 

The  main  reasons  for  difficulties  associated  with  the  graphical  representation  of  electromag¬ 
netic  data  usually  fall  in  one  of  the  following  categories: 

-  Properties  of  the  data  to  be  represented:  quantity,  dimensionality,  range  of  values 
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Aspects  of  the  MMi'-l’rograml’ackagcS  for  the  output  techniques 


The  Multiple  Multipolc  (MMP)  pro  pram  packages  arc  based  on  the  •  lately  called  •  Gener¬ 
ated  Multipolc  Technique  (GMT)  vthleh  has  independently  been  developed  by  different 
groups  worldwide  (1).  The  output  routines  presented  in  this  paper  were  developed  for  the  2D 
and  3D  Multiple  Multiple  (MMP)  Program  packages  which  are  implemented  on  PCs  and  SUN 
workstations.  A  detailed  description  of  these  packages  arc  given  by  Somhoit  and  tlafncr  In 
this  conference  (2)  (3). 

The  basis  functions  used  in  the  present  MMP-Program  Packages  arc  spherical  or  cylindrical 
multipole  functions  (Multipoles)  which  arc  analytical  solutions  of  the  time  harmonic  Maxwell 
equations  for  linear,  homogeneous,  isotropic  media.  Several  (Multiple)  of  these  Multlpolcs  arc 
used  at  different  locations  to  expand  the  field  In  each  domain.  Tnc  unknowns  arc  determined  by 
using  3-10  times  more  points  titan  necessary  as  a  minimum  to  match  the  appropriate  boundary 
conditions.  The  matrix  is  solved  by  a  least  squares  technique.  The  following  properties  of  the 
MMP  Method  facilitate  the  construction  of  output  routines: 

•  The  field  inside  the  domains  is  always  an  exact  Maxwell  field  (compared  with  PE,  PD), 
even  inside  lossy  materials  (compared  with  MoM). 

•  No  singularities  at  any  point  (compared  with  MoM). 

«  Smoothness  of  the  field,  cwn  along  :hc  boundaries. 

«  In  almost  all  cases  the  largest  errors  occur  on  the  boundary  and  decrease  with  the  dis¬ 
tance  (similar  to  MoM).  Plotting  the  corresponding  residue  with  every  matching  point  is 
therefore  a  very  efficient  instrument  for  simulation  control. 

•  The  field  vectors  can  be  calculated  at  any  point  without  interpolation.  This  allows  loom¬ 
ing  of  details  without  loss  of  accuracy  or  nerd  for  remodeling  the  whole  problem, 
(compared  with  PE,  PD,  MoM  for  lossy  ntatcrials) 

•  The  parameters  of  the  basis  functions  require  little  memory  and  can  therefore  easily  be 
stored  in  an  ASCII  file  which  also  can  be  transferred  to  other  computers  for  subsequent 
calculation  of  plot  data. 

•  The  basic  data  for  the  output  routines  are  the  complex  amplitudes  of  the  E-  and  H-field 
which  arc  calculated  with  this  parameter  file  for  any  configuration  of  points  within  a  few 
minutes.  Ibis  field  values  are  temporarily  saved  and  allow  an  instant  plotting  of  a  wide 
range  of  outputs  for  any  timepoint  (compared  with  time  domain  methods). 


Graphical  representation  of  (he  field 

The  representation  of  vector  fields  by  arrays  of  arrows  was  found  to  be  a  fast  and  efficient 
technique  which  gives  comprehensive  plots  with  high  information  density.  The  flexibility  of  this 
vector  plots  depends  touch  on  how  the  geometric  parameters  of  an  arrow  can  be  related  to  the 
field  vector.  Simple  arrows  varying  only  in  length  emphasize  the  directional  aspect  of  the  vector 


field.  Arrow*  varying  In  length  and  width  attend  the  range  and  give  a  mere  realistic  impression 
©f  amplitude  distributions.  To  keep  plots  readable  for  large  amplitude  variations  k  Is  often  nec¬ 
essary  to  limitate  the  nuximum  length  and  thickness  of  an  arrow. 

The  representation  ©f  3D  vectors  on  a  2D  sheet  gives  ambiguous  pictures  which  are  difficult 
to  read,  A  solution  to  this  problem  Is  the  separation  of  transverse  and  normal  components  rela¬ 
tive  to  a  clearly  imaginable  plane,  Tire  transverse  component  Is  then  represented  by  an  arrow 
while  the  normal  component  Is  displayed  as  a  circle  of  varying  diameter  lying  in  the  plane. 

Otjuilincs  for  scalar  fields  are  easily  plotted.  With  additional  shading  they  become  more 
readable.  Sometimes  a  combination  with  the  vector  representation  is  useful. 

Pkldlincs  arc  somewhat  difficult  to  handle.  They  need  considerable  computation  lime  v,'  do 
not  give  more  information  than  the  simpler  vector  plots. 


pfcldgraphics  for  20-  and  30  applications 


Figure  I:  A  full  3-dimcntional  cylinder  model  of 
muscle  tissue  ((,"30.  o»0.S  mltoAn)  is  radiated  by  a 
plane  wave  of  2.45  Gl  U. 


Figure  2:  Full  3 -dimensional  model  of  a  human 
using  a  portable  radio  held  In  from  of  the  face.  Tie 
antenna  Is  made  of  perfectly  conducting  material  and 
Is  driven  In  its  center  by  a  current  source  operating 
at  430  Mile.  Hie  body  Is  built  up  of  two  puts:  die 
head  (e,»30,  o*0.8  mlio/m)  and  the  body  (c,»40. 
c»U  mhctfn).  More  details  arc  given  In  (4) 
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I’oyming  Field  mean  dine  value 


I’oyniine  Field  mean  lime  value 


JEfe*  l**"*  Vt4,0t  !l0l  die  Figure  4;  Riled  arrow*  give  a  better  impression  of 

directional  rupee  I  of  ihe  veetoe  field,  (see  flg.  1)  tlic  amplitude  distribuiion.  (see  fig.  I) 


Poyming  Field  mean  lime  value 


Poyming  Field  mean  time  value 


UKLJETi  p!an4  rerrtse,ua,,on  witJl  30  *  *■«  plane  representation  with  2D, ID 

*"  '  represemaiion.  The  normal  componcm  relative  to 

each  plane  is  shown  as  a  circle  lying  in  that  plane. 


i’oymlnp  field  mean  tintc  value 


Povmlng  field  mean  lime  value 


Figure  7:  A  linear  Kale  display  of  near  field  prob¬ 
lem*  often  leadj  10  bad  plow.  (K«  fig.  2) 


FI ju«  8:  Umtied  amr-w  give  comprehensive  pic¬ 
tures  and  allow  r  oomed  display  of  detail*. 

(see  fig.  2) 


E-Field  (normal)  and  H-Field  (transverse) 


Figure  9:  Combined  display  of  E  and  H  Field  in  a 
dielectric  sphere  (sec  figure  II).  These  plots  are 
only  reasonable  if  U  and  11  are  orthogonal. 


Figure  10:  A  2D  perfeedy  conducting  cylinder  is 
radiated  by  o  plane  wave  (0.61,0.61,0.5),  polariza¬ 
tion  of  E  (0.71,0.71.0).  The  combination  of  a  vector 
plot  and  shaded  logarithmical  etpillines  highly 
extends  the  representable  amplitude  range. 


790 
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figure  M:  3  Sphere*  (from  kA  w  right:  perfectly 
conducting,  lossy,  dielectric)  radiated  by  a  plane 
wave. 


Residues 


the  kngdr  of  die  surface  normal  vector,  (see  fig.  1) 


Figure  12c  Same  as  picture  II  with  higher  density  of 
field  points. 


Specific  absorption  rate  (SAR) 


figure  Id:  Man  with  radio.  Shaded  equilines  give  a 
clear  and  accurate  representation  of  scalar  qiuutd* 
ties. 


Representation  of  time-dependence 

Since  the  Genera!  Multipolc  Technique  (GMT)  implies  time-harmonic  solutions,  it  is  very 
simple  to  calculate  plots  for  different  time  point?  from  one  set  of  complex  E-  and  H-  values. 
Tills  plots  are  copied  from  the  screen  directly  into  the  computer  memory*  from  where  they  can 
sequentially  be  read  and  displayed.  Movies  with  about  30  pictures  per  second  (500*500  pix¬ 
els)  arc  possible  on  SUN  3/50  workstations.  This  feature  unfortunatly  could  not  be  implement¬ 
ed  on  Pcsonal  Computers  until  now. 

Available  Output  Routines 

A  wide  range  of  output  routines  Is  already  written  for  SUN  workstations  and  PCs: 

•  2D  and  3D  error  representation  on  every  matching  point 

•  Vector  representation  of  E-,  H*  erd  Poyming  field  using  planar  arrows  for  transverse 
components  and  circles  for  normal  components.  The  fields  can  be  plotted  on  one  or  more 
rectangular  planes  simultanuously.  A  combination  of  E,  ft  and  S  is  also  possible. 

•  Shaded  cqulline  representation  of  the  specific  absorption  rate  or  of  the  field  amplitude, 
also  in  combination  with  vector  representation. 

-  Farficld  radiation  pattern 

-  The  sequential  display  of  pre-stored  pictures  allows  the  representation  of  time  depen¬ 
dence.  Such  "moving  vector  fields"  arc  both  attractive  and  useful  for  model  validation,  stu¬ 
dent  training  and  presentations. 

Conclusion 

The  present  MMP  Progrant  packages  include  a  wide  range  of  rather  sophisticated  output 
routines.  The  3D  vector  field  plots  still  leave  much  to  be  desired.  More  stereoscopic  represen¬ 
tations  arc  under  study. 
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AN  INTERACTIVE  WAVEGUIDE  PROGRAM 


Granv 1 1 1 e  Scwe  1 1 
University  of  Texas  at  El  Paso 
Mathematics  Department 
£i  Paso.  Texas  799&0 


wavEUIOC  Is  an  interactive  program  which,  when  used  In 
conjunction  with  ItiSu's  finite  element  program  PDE/PROTRAH, 
can  solve  cylindrical  waveguide  problems  on  arbitrary 
cross-sections,  with  variable  permittivity  and  permeability 
It  and  n  may  even  be  discontinuous,  to  model  composite 
waveguides) .  The  user  only  has  to  answer  a  series  of  baste 
questions  about  his  problem,  posed  In  engineering  terms,  *and 
oil  propagating  modes  In  a  specified  Interval  arc 
calculated,  and  the  corresponding  electric  ana  magnetic 
fields  are  plotted. 

when  the  permittivity  or  permeability  Is  variable.  a 
nonlinear  eigenvalue  problem  must  be  solved  to  find  the 
(hybrid)  modes.  If  random  nonhomogeneous  terms  ore  added  to 
the  partial  differential  equations,  the  eigenvalues  can  be 
characterized  (and  hence  located)  as  the  parameter  values 
which  cause  the  norm  of  the  solution  to  become  Infinite. 


1.  The  Waveguide  Problem 

For  o  propagating  wave  In  a  cylindrical  waveguide.  Maxwell's 
couatlons  for  the  electric  and  magnetic  fields  reduce  to 
[see  reference  1.  Section  8.2}: 
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wnerc  E  and  H  are  tne  electric  ana  magnetic  field  components 

In  tite  c  (direction,  u  Is  e«ual  to  2itf  wnere  f  Is  the 

frequency.  t(x.y)  Is  the  permittivity.  p(x,y)  Is  the 

permcabt I Itv,  and  AJ  Is  the  propagation  constant  (wnlch  is 

purely  Imaginary  for  propagating  waves).  Once  C  (usually 

denoted  lay  E„)  ana  II  (*M>)  are  Known,  the  other  components 
•*  «. 

of  thn  electric  and  magnetic  fields  can  be  calculated 
directly  from  these  two  components.  For  o  conduct  I ng 
Boundary,  the  boundary  conditions  are 

(3)  C  ■  0  and  AH/An  ■  0 

For  a  given  w,  the  problem  Is  to  determine  values  of  A  for 
which  ncncero  solutions  (eigenfunctions)  of  (I)  and  (2). 
with  boundary  conditions  (3),  exist. 


wnen  c  and  h  arc  constants,  equations  (1-2)  reduce  to  two 
simple  uncoupled  linear  problems,  whose  eigenvalues  arc  the 
transverse  electric  ITE)  and  transverse  magnetic  (TH)  modes. 
However.  In  the  general  case  where  c(x.y)  and  p(x.y)  are 
variable  (such  as  Is  usually  the  case  for  optical 
waveguides),  we  must  solve  the  nonlinear  eigenvalue 
equations  1-2  simultaneously,  and  the  eigenvalues  ore  called 
hybrid  modes. 


2.  Solving  the  Nonlinear  Eigenvalue  Problem 

PDE/PRU7RAN  (reference  2),  a  partial  differential  equation 
solv. ;*  developed  by  the  author  and  marketed  by  IM5L,  Inc.. 
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solves  very  general  systems  of  nonlinear  oarclal 
differential  equations  In  general  two-dimensional  regions, 
but  It  Is  not  designed  to  solve  nonlinear  eigenvalue 
problems  such  as  1-2.  However,  If  we  Introduce  "random" 
non-zero  right-hand  sides  to  (I)  and  12)  and  specify  a  value 
for  6.  POC/PROTRan  con  be  used  to  solve  this  elliptic 
system.  Since  POE/PROTRan  uses  a  Gaterkln  finite  element 
method.  It  can  handle  composite  media,  where  c  and/or  «  ore 
discontinuous  at  the  Interfaces  between  different  materials, 
without  the  need  for  explicit  Interface  conditions.  Now  If 
we  vary  a  over  a  range  of  values  (QhIN.Qhax),  as  /) 
approaches  an  eigenvalue  the  solution  becomes  Infinitely 
large  In  magnitude.  Using  this  fact,  we  can  attempt  to 
locate  all  eigenvalues  In  a  given  4-range.  If  we  ore  very 
unlucky  In  our  choice  of  right  hand  sides,  we  coo'd 
conceivably  miss  some  eigenvalues,  but  the  probability  of 
such  a  unlucky  choice  Is  zero. 

In  order  to  make  the  power  of  POE/PROTRAN  cosily  available 
to  engineers  who  want  to  solve  cylindrical  waveguide 
problems,  the  author  has  developed  an  Interactive  driver, 
called  HAVEGIOE.  This  Interactive  program  asks  the  user  a 
few  simple  questions  about  his  problem.  phrased  In 
engineering  terms,  and,  based  on  the  user's  answers,  It 
generates  a  POE/PROTRAN  Input  program  to  solve  the  POE 
system  1-2  using  the  above-outlined  approach. 

WAVEGIDE  asks  the  user  to  supply  a  frequency,  f,  (u»2nf)  ond 
limits  (BMIN.BMAX)  on  fi.  For  a  given  value  of  0,  WAVEGIDE 
Invokes  POE/PROTRAN  to  solve  (1-2)  with  a  nonzero  right-hand 
3lde.  returning  a  function  value,  g(/J).  which  represents  the 
Inverse  of  a  norm  of  the  solution.  WAVEGIDE  tries  to  locate 
all  minima  of  g(4)  In  (8MIN.BMAX)  using  the  following 
procedure,  gtff)  Is  evaluated  at  a  user-speelf led  number 
(N INTER)  of  uniformly-spaced  values  between  BHIN  and 
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BHAX.  When  on  Index  !  Is  found  such  that  g(5|)  Is  less  than 
both  o(flj_|}  and  o ( /) t ^  j ) .  It  searches  for  a  minimum  of  g  In 
< />l_l  >4|  4.  |  >  <  using  a  public  domain  subroutine  FHIN 
(reference  3J  to  locate  the  minimum  accurately.  In  our 
experience  minima  which  do  not  correspond  to  eigenvalues  are 
very  rare,  and  they  betray  themselves  by  their  shallowness 
(g(d)  does  not  go  to  sero  near  these  minima).  Thus  wavEGIOE 
Is  usually  able  to  discard  those  pseudo-eigenvalues. 

The  user  may.  alternatively,  supply  a  value  of  6  and  limits 
on  f.  In  this  case  WAVEGIOE  will  find  values  of  the 
frequency  which  correspond  to  propagating  modes.  If  a  value 
of  ;)«0  Is  supplied,  the  frequencies  thus  found  will  be  the 
cut-off  frequencies. 

3.  An  Example 

WAVEGIOE  was  oppMed  to  the  first  problem  In  the  "workshop 
problem  set"  of  the  Feb  S,  I 909  "Workshop  on  Numerical 
Simulation  and  Analysis  In  Guldcd-Wave  Optics  and 
Optoelectronics"  In  Houston  (Figure  I).  The  Interactive 
WAVEGIOE  session  which  generated  the  PDE/PROTRAN  Input 
program  to  solve  this  problem  (for  t»0.4  pm)  Is  shown  In 
Figure  2.  Lines  beginning  with  o  "?"  Indicate  a  user 
response;  the  other  lines  ore  generated  by  the  Interactive 
program  Itself.  Notice  that  the  Information  which  the  user 
must  supply  Is  minimal,  c(x.y)  ana  p(x,y),  which  vary  from 
subregion  to  subregion,  ore  defined  In  a  simple  15-1  Inc 
FORTRAN  segment.  If  the  region  hod  been  a  more  general, 
non-rectongulor  region,  the  amount  of  additional  work 
required  of  the  user  would  hove  been  minor. 

The  contour  plot  of  H  (-H,)  generated  by  WAVEGIOE  for  the 
fundamental  quasl-TE  mode  Is  shown  In  Figure  3,  and  Figure  A 
shows  the  other  two  components  of  the  magnetic  field, 


798 


I 

t 


tNK,Hy).  Plots  of  the  electric  field  components  are  also 
generated  by  wavcGIOE.  Tne  calculated  propagation  constant 
was  /5»l .7627  E7,  so  that  nef f.OuJ/(2t»)»3.22G2.  In  close 
agreement  with  the  value  calculated  by  other  workshop 
contributors. 

One  difficulty  encountered  In  solving  this  problem  Is  chat 
since  POE/PROTRAN  cannot  solve  problems  In  unbounded 
regions,  we  have  to  truncate  the  substrate,  guide  and  ribs 
to  a  finite  length.  Unfortunately,  doing  this  Introduces 
some  “spurious"  eigenvalues  Into  the  PDC  system  1-2. 
These  spurious  modes  are  betrayed  by  their  electric  and 

magnetic  field  plots,  which  show  rapid  oscillation,  but 

WAVEGIOC  Is  not  able  to  discard  them  automatically.  In 
Figure  2.  the  A  Interval  (QH IN, UMAX)  Is  chosen  so  that  only 
propagating  waves  with  an  ocff  in  the  narrow  Interval 
(3.2255,3.2275)  will  be  found;  this  was  done  to  avoid  the 

spurious  modes  which  showed  up  In  previous  wavcGIOE  runs 

where  a  larger  search  Interval  was  used.  When  the  guide 
cross  section  Is  bounded,  these  spurious  modes  ore  not  a 
problem. 

The  author  hopes  to  make  WAVEGIDE  available  to  the  public 
within  a  few  months,  through  the  Advances  In  Engineering 
Software  algorithms  distribution  service  (reference  a). 
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Workshop  o«  Numerical  ShmUtio*  tad  Autjnlt  U 
Galded-Wavt  Oflka  aad  Of  loeleetrookj 

Ho'mcoa.TX,  Ftbraary  5,  If  If 

Workshop  frohWm  Set  *  Problem  Number  1 

For  (Sc  jtrueturt  mutinied  brio*,  cskulste  iSc  normslued  propagation  eontUM  6  of  the  fundamental 
quoti-TE  mode  for  f «  0.0  pm,  0,2  pm.  and  0.4  pm  where  6  U  deined  at 

h  ■  ("<  -*,D  f  (*;L*  “  i>L<)- 

X*  1.15  pm.  and  the  propH*^*  contain  p  of  the  fundamental  quati-TE  mode  U  given  by  P  "liUi^/X. 
The  rib*  should  be  choacn  high  enough  to  that  they  do  not  affect  the  Wdt. 


InP - ►  n  >  3.17 


FIGURE  1  —  Houston  Workshop  Problem 
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FIGURE  Z  —  Interactive  Session 
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SUPERTAB  INTERFACE  FOR  NEC 


Frank  E.  Walker,  Eugene  A.  Sorensen,  And  James  S.  Kenney 
Boeing  Atrospacc;  Seattle,  Wa.  98124-2499 


Key  Word*:  Electromagnetic  Analysis  (EMA),  Numerical  Electromagnetic  Code  (NEC),  SUPEKFAD. 


Abstract 

A  current  topic  of  Interest  is  the  use  of  graphic 
Interfaces  to  electro  magnetic  analysis  (EMA)  codes. 
Our  effort  was  In  response  to  an  in-house  request  to 
provide  a  quick  graphics  interface  development  that 
would  create  geometry  Input  files  for  several 
electromagnetic  Held  analysts  codes.  Oursolution  was 
to  employ  the  pre-processor  in  SUPERTAB*  to 
generate  and  display  three*  dimensional  finite 
element  models-  Conversion  software  was  written  to 
interface  between  the  Universal  Data  File  format  of 
SDRC*  and  the  Input  data  format  of  the  desired 
analysis  code.  In  this  ease  the  Numerical 
Electromagnetics  Code  (NEC). 

•Hie  SUPERTAX)  to  NEC  interface  programs 
NECCEOM  and  NECONT allow  the  user  to  creatca 
complete  NEC  Input  file  from  the  geometry  and 
topology  Information  stored  in  a  SUPEKTAB 
Universal  File.  NECGEOM  uses  the  Universal  File 
and  user  input  to  generate  comment  cards,  wire 
segment  and  surface  patch  generation  cards,  structure 
symmetry  generation  cards,  an  overall  structure 
transformation  card,  and  an  cnd-of*geomctry  card. 
NECONT  constructs  the  remainder  of  the  NEC  input 
file  by  obtaining  user  responses  to  prompts.  1 1  w  rites 
cards  which  control  the  generation  of  the  method  of 
moments  interaction  matrix,  the  solution  for  the 
current  vector,  and  the  calculation  of  radiated  and 
scattered  fields. 

For  NEC  users  who  have  access  to  the  SDRC software 
SUPERTAX),  this  application  can  greatly  simplify 
creation  of  the  geometry  to  be  evaluated  and 
generation  of  an  Input  fde.  Ibis  application  has  been 
successfully  developed  for  use  with  other  finite 
element  analysis  codes  within  Boeing. 


Background 

Electromagnetic  (EM)  fields  analysis  is  currently 
performed  using  computers  to  calculate  the  solutions 
to  targe  matrices.  The  problem  matrix  represents  the 
geometry  In  question  and  the  initial  problem 
conditions.  The  solution  matrix  represents  the 
resultant  EM  field.  The  methods  used  to  solve  the 
finite  element  calculations  vary  but  the  input  and 
solution  representations  arc  most  often  in  the  form  of 
extensive  listings  of  point-by-poim  data.  These  data 
listings  are  cumbersome  to  generate  and  difficult  to 
evaluate  quickly.  In  order  for  an  analyst  to  Iterate  to 
an  acceptable  solution  using  EM  field  analysis  it  is 
neecssaiy  to  develop  a  more  convenient  method  of 
representing  the  Input  data  and  the  description  of  the 
resultant  EM  field. 

The  objective  of  this  tash  was  to  find  an  approach  that 
would  provide  a  convenient  method  of  generating 
input  data  for  submission  to  an  EM  field  analysis  code. 
This  was  to  be  achieved  with  a  minimum  of  required 
development  using  existing  capabilities  wherever 
possible.  The  most  convenient  method  of  depicting 
both  input  geometries  and  the  resultant  EM  field  arc 
graphical  representations.  The  old  idiom  that  a 
picture  is  worth  a  thousand  words  (or  data  points) 
takes  on  new  meaning  to  the  clcctromagnetleist  faced 
with  data  reduction  of  a  complex  geometry. 
Geometries  such  as  those  illustrated  In  Figure  I  are 
commonly  generated  to  graphically  represent 
structural  or  aerodynamic  features  of  a  design. 
Computer  generated  geometries  such  as  these  can  be 
modified  with  meshing  techniques  to  serve  as  input 
data  for  finite  element  analysis.  The  results  of  these 
analysis  can  be  quickly  evaluated  when  viewed  In  a 
similar  graphical  format. 


•  SDRC  Is  a  service  mark  of  Structural  Dynamics  Research  Corporation 
SUPERTAX!  is  a  part  of  the  SDRC  Integrated  Design  Engineering  Analysis  Software  (I-DEAS). 
SUPERTAB  and  I-DEAS  are  registered  trademarks  of  SDRC. 
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SUPKRTA1I 

Our  approach  was  to  use  the  wilting  volumetric 
geometry  mcihtng  apahility  available  In  the 
SUPEHTAI1  ctyjc  and  to  develop  the  necessary 
Interface  to  allow  this  data  to  be  modified  for 
submission  to  NEC  and  similar  EM  A  codes.  In 
addition,  it  was  our  desire  that  we  be  able  to  feed  the 
analysis  output  data  track  into  SUPEHTAlt  where  the 
resultant  surface  current  distribution  or  radiated  and 
scattered  fields  could  be  viewed.  SUPEHTAII  is  a 
software  package  which  Is  Intended  for  use  In  finite 
element  modeling  of  mechanical  systems  (ref.  1).  It  Is 
useful  to  this  application  because  it  allows  for  the 
automatic  generation  of  a  mesh  of  uniform  or  variable 
sited  quadrilaterals  or  triangles  over  a  surface.  We  can 
then  Interpret  these  polygons  as  either  small  surface 
patches  or  as  multiple  wire  segments.  'Ihe  ability  to 
vary  the  site  of  the  mesh  allows  Ihe  analyst  to 
emphasite  regions  where  rapid  variations  in  current 
occur.  The  following  geometry  entities  arc  used  in 
SUPEHTAII  for  the  creation  of  planar  and  volumetric 
geometries: 

Point  defined  by  Its  coordinates  in  three 
dimensional  space. 

Line  defined  by  the  two  Points  which  It  connects. 
Arc  defined  by  three  connected  Points. 


Spline  defined  by  four  to  twenty  five  connected 
faints. 

Curve  a  Curve  is  a  IJnc,  Arc,  or  Spline. 

Edge  defined  by  one  or  more  connected  Curves. 
Surface  defined  as  bounded  by  three  or  more 
connected  Edges  which  contain  it. 

In  addition  the  following  entities  arc  used  In 
describing  the  meshing  process  of  n  surface  geometry: 

Subarea  defined  by  three  or  more  connected  Curves 
containing  n  Surface. 

Nod*  defined  by  its  coordinates  In  three 
dimensional  space. 

Element  defined  by  the  two  or  more  Nodes  which  It 
connects. 

An  Element  connects  some  number  of  Nodes,  far 
example  a  quadrilateral  Element  connects  four  Nodes 
whereas  a  beam  Element  connects  two  Nodes.  There 
arc  five  properties  associated  with  every  SUPERTAB 
Element.  The  Element  properties  of  concern  to  us 
arc: 

Type  either  Thin  Shell  (Linear  Quadrilateral  or 

Linear  Wangle),  Linear  Beam,  or  Plate 
(Linear  Quadrilateral) 
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Material  isotropic,  Onhotn'pte,  or  Anbotroplc 
"type 

Materia)  such  81  Modulus  of  EUlticity 
\htuc* 

Additional  Klcmcflt  properties  of  Connectivity  ’l)pc 
ami  Physkat  Property  Value*  arc  used  by  SUPEKt'All 
to  perform  mechanical  analysis  ami  are  nor  used  In  thl* 
application.  \Vc  will  only  use  the  Iwtrople  Material 
ijpc  for  the  NEC  Input  translation.  SUPEKFAtl  uses 
Material  Value*  properties  In  mechanical  finite 
clement  analytic,  in  thl*  application  NECCEOM  can 
he  instructed  to  Interpret  the  Material  Value*  thWc* 
for  radii  of  wire  segments. 

The  ultimate  goal  In  the  u*e  of  SUPEKTAII  1*  to 
generate  a  set  of  node*  and  element*  which  will  be 
Interpreted  by  the  interface  code,  NECGEOM,  a* 
wire  segment*  or  surface*  patches. 

Numerical  Electromagnetic  Code— NEC 

NEC  use*  the  method-of-moment*  technique  to  solve 
for  the  resultant  EM  field  fora  specified  geometry  and 
Initial  conditions  (ref.  1).  A  NEC  Input  data  deck 
consists  of  three  lypeof  cards.  These  arc  l)eommcni 
cards;  containing  a  description  of  the  problem  to  be 
analysed;  2)  geometry  cards,  containing  geomchy  and 
structure  data;  and  3)  control  cards,  to  specify  problem 
parameters  and  Initial  conditions. 

The  program  geometry  cards  serve  to  Identify  the 
geometry  of  the  problem  and  the  structure  to  be 
analysed.  These  cards  contain  point  by  point  data  of 
the  geometry  as  well  as  model  characteristic*  *ueh  a* 
symmetry  or  the  use  of  a  ground  plane.  ’Ihc  geometry 
cards  that  arc  of  Interest  to  this  application  arc: 

OE  end  of  geometry  card  (thl*  card  also  specific* 
the  ground  plane  option) 

GM  translate  or  duplicate  structure 
GR  generate  cylindrical  sttucturc  (rotalional 
syrr.meity) 

GW  generate  wire 

GX  reflect  structure  (planar  symmetry) 

SI’  sped'  surface  patch  (also  SC) 

The  geomeu  cards  must  be  submitted  to  NEC  in  a 
specific  order.  The  NECGEOM  tutorial  creates  all  of 
the  needed  geometry  cards  for  submission  of  a  NEC 
analysis. 

The  program  control  cards  follow  the  structure 
geometiy  cards  in  a  NEC  Input  file.  Their  functions 


ate  to  I)  set  electrical  parameter*  for  the  mtvfcl; 
2)  select  option*  for  the  solution  procedure;  and  3) 
request  data  computation.  %  any  out  these  control 
tasks,  there  arc  a  number  of  different  control  cards, 
which  arc  grouped  Intoonc  of  three  atcgeries.’lhcsc 
control  cards  an  be  generated  from  within  the 
NECONT  tutorial.  Ihc  control  retd*  that  arc  of 
Interest  to  this  application  arc  listed  ut  their  respective 
groups: 

GROW  1 

EK  extended  thin -wife  kernel  flag 

FK  frequency  specification 
ON  ground  parameter  speculation 
Kl  I  interaction  approximation  range 
LD  sttucturc  impedance  loading 

GROUP 2 

EX  structure  excitation  anl 
NT  two-part  network  spcdfiatlon 
TL  transmission  line  between  segment*  an) 

GROUP 3 

CP  coupling  alcuUtion 
EN  end  of  data  an) 

NE  near  electric  field  request 
Nil  near  magnetic  field  request 
PP  witc  segment  current  print  control 
HP  radiation  pattern  request 
WO  write  Numerical  Green’*  Function  file 
XQ  execute  ten) 

There  is  not  a  Fixed  order  for  the  control  Input  cards  (a 
specified  order  i*  required  for  the  geometry  input 
ards).  ’Ihc  parameter*  and  option*  arc  set  lust, 
followed  by  the  requests  for  alcuUtion  of  currents, 
near  field*,  and  radiated  fields.  Computation  of 
current*  may  be  requested  with  an  XO  anl.  RP,  NE. 
or  Nil  aids  ause  alcuUtion  of  the  current*  and 
radiated  or  near  fields  on  the  first  occurrence. 
Subsequent  RP,  NE,  or  Nil  anl*  ause  computation 
of  fields  using  the  previously  aleuUtcd  current*.  Any 
number  of  near-field  and  radiation  pattern  request* 
an  be  grouped  together,  except  when  multiple 
frequencies  have  been  specified  by  an  FR  an).  If  this 
Is  the  ase,  then  only  a  single  NE  or  NH  anl  and  a 
single  RP  ard  will  remain  in  effect  for  all  frequencies. 
All  parameter*  retain  their  value*  until  changed  by 
subsequent  data  ard*.  After  the  parameters  have 
been  set  and  currenls/ficlds  aleuUtcd,  It  is  then 
possible  to  change  selected  parameter  values  and 
repat  the  alcuUtion*. 


808 


Interface  programs  -  SUPEKNEC 

The  Interface  between  SUPEKTAU  and  NGC  1# 
achieved  by  a  set  of  software  programs  collectively 
ailed  SUPGKNGC  (SUPGKtsb  to  NGC).  the 
SUPEKNEC Set  of  coda  I*  comprised  of  the  following 
computer  programs; 

NKCTUTOK  A  command  procedure  which 
performs  the  necessary  alignments  of 
files  to  logical  names  and  runs  the 
NGCGGOM  and  NGCONT  tutorials. 
NGCGGOM  NGCgcomcliy  input  tutorial  program. 

Uses  UNI  FUJI  to  read  the 
SUPEKTAU  Universal  File  and 
generate  a  geometry  data  file 
(NGCOUT.UNI).  Ibis  data,  in  NGC 
absolute  wire  segment  numbering 
format,  is  then  used  to  create  a  patch 
and  wire  geometry  NGC  Input  Tile 
(NGC.I)A't> 

NGCONT  NGC  control  input  tutorial  program. 

Creates  the  program  control  part  of 
the  NGC  input  file. 

UNI  KILE  Converts  Universal  File  formal  data 
from  SUPGKTAU  into  an  new  data  Tile 
(NGCOUT.UNI)  liaving  the  same 
Universal  Ftlc  format.  Also  returns 
geometry  data  to  NGCGGOM  having 
the  NG  absolute  wire  segment 
numbering  format. 

MATIIUB  Vector  and  matris  math  routines. 

FLO  Performs  output  formatting  for  the 

NGC  tutorials  NGCGGOM  and 
necont: 

U1.III  I/O  routines. 

DHNGKOM  I/O  data  base  for  NGCGGOM.  This 

code  includes  interactive  query  of  user 
and  stores  user  responses  to  prompts. 
DBNEC  I/O  data  base  for  NGCONT.  Thiscode 

includes  interactive  query  of  user 
and  stores  user  responses  to 
prompts.  These  codes  arc  used  to 
I)  translate  SUPEHXAU  geometty 
data;  2)  supplement  data  base  with 
needed  parameters  by  user  quety  with 
prompts;  and  3)  generate  geometry 
data  files  and  control  Tries  for  Input  to 
NGC. 

Methodology 

WMn  a  SUPERXAB  Universal  File  is  read  by 
NtcGEOM,  the  properties  of  a  given  element 
determine  the  way  in  which  it  is  translated  Into  NGC 


Input  cards  (fc.  lines  In  the  input  file).  The  way  in 
which  the  element  properties  control  this 
interpretation  is  as  follows 

•  If  an  Ktement  has  type  Thin  Shell  tUncar 
Quadrilateral  or  Linear  Triangle)  It  Is  assumed 
that  the  bounding  line  segments  arc  WIRE 
SEGMENTS. 

•  Gvxry  Linear  Beam  Element  Is  assumed  to 
represent  a  wire  segment. 

•  An  Clement  with  T)pc  Plate  (Uncar 
Quadrilateral  of  Linear  Triangle)  is  assumed  to 
represent  a  quadrilateral  or  triangular  SURFACE 
PATCH. 

These  five  Element  types  T'N.UB  BM_LN, 

PLT_LO,  l'LT_L'l)  arc  the  only  ones  allowed  by  the 
NGCGGOM  program.  The  Only  other  Element 
property  which  Is  used  by  NGCGGOM  Is  the  first  of 
the  Materia)  \blucs  properties  which  NGCGGOM 
may  Interpret  as  a  wire  segment  radius.  Note  that 
even  though  we  do  not  use  all  of  the  properties, 
SUPGKTAll  wilt  associate  them  all  with  each 
Gicmcnt. 

The  first  step  in  a  solution  procedure  is  to  calculate  the 
interaction  matriv,  which  determines  a  response  from 
a  geometry  to  an  arbitrary  excitation.  The  Interaction 
matris  calculation  depends  solely  on  the  structure 
geometry  and  the  control  cards  from  GROUP  I 
created  In  the  NGCONT  tutorial.  Computation  and 
factorisation  of  the  Interaction  matris  is  not  repeated 
if  cards  beyond  GROUP  I  are  changed.  The  second 
step  is  to  solve  the  matris  equation  for  the  currents 
due  to  a  specified  excitation.  Finally,  the  near  fields, 
radiated  fields,  or  coupling  effects  between  segments 
may  be  computed  from  the  currents.  NECONT 
requires  the  partially  created  data  file  NEC.DAT 
(constructed  by  running  NECGGOMJas  it’s  Input  file. 

NECCGOM— The  Translation  or  SUPKRTAB 
Geometry  to  NGC  Input  Format 
The  SUPERTAB  Universal  File,  NGCGGOM.  and 
DBNGEOM  arc  used  to  modify  the  SUPEHTAM 
volumetric  geometry  data  for  input  to  NEC.  After  the 
SUI’EKXAH  data  is  read  from  the  Universal  File  and 
assembled  into  a  data  file  called  NGCOUT.UNI,  the 
user  is  prompted  to  input  the  following  information: 

Comment  line  Tbit  entered  In  response  to  this 
prompt  will  appear  as  a  single 
comment  card  in  the  NEC  input 
file. 

Wire  segment  The  user  must  choose  between 

radius  user  entry  or  use  of  the 


,x 
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Planar  symmetry 

Rotational 

symmeity 

ThmiformaifOn 


Ground  plane 


SUl’EKPAM  Mai  trial  Valuta 
Ikble*  fur  wire  segment  radii. 
The  user  an  Wemify  reflection 
symmetry  across  one  or  mare 
plane*. 

ihc  user  must  Identify  If  ihe  ge- 
omerry  has  symmeity  of  rotation 
about  iheZ-axts. 

The  user  must  identify 
additional  overall  irarufortna. 
ikm  (be.,  rotation  followed  by 
translation)  in  the  structure. 
The  usee  is  asked  If  the  x-y  plane 
la  to  be  wed  at  a  ground  plane. 


The  wire  segment  radius  prompt  nth*  the  user  to 
choose  between  user  defined  wire  segment  radii  and 
the  use  of  the  SUl'ERlAlt  Material  Values  tables. 
Ihc  user  may  choose  to  enter  the  global  wire  segment 
radius.  In  order  to  use  the  tables,  the  user  must  have 
taken  steps  In  SUl’EKf All  to  input  the  desired  radii  in 
the  Material  Vhtoc*  tables  referenced  by  the 
corresponding  Element*.  NECGEOM  will  now  write 
the  GW,  Sl‘,  and  SC  «td*  to  the  NEC  input  file 
NEC.  DAT. 

Ihc  planar  symmetry  prompt  asks  the  user  to  identify 
when  a  structure  has  reflection  symmetry  across  one 
or  more  planes.  Ihe  computation  time  required  by 
NEC  may  be  reduced  by  using  a  smaller  geometry  and 
defining  planar  symmetry.  This  option  will  not  work  if 
the  entire  geometry  was  created  in  SUPEKfAil. 
When  a  reflection  is  specified,  NECGEOM  checks  to 
determine  that  no  segment  or  surface  patch  lies  In  Of 
crosses  the  reflection  plant  If  this  condition  is 
violated  planar  symmetry  is  not  performed  and  the 
entire  geometry  will  be  evaluated  but  without  the 
advantage  of  matrix  reduction  due  to  planar 
symmetry.  With  this  input  NECGEOM  writes  the  GX 
card  IQ  Ihc  NEC  input  file  NEC.DAT 

‘Ihc  rotational  symmetry  prompt  asks  the  user  to 
identify  when  the  structure  has  symmetry  of  rotation 
about  the  Z-axis.  Ihc  rules  regarding  rotational 
symmetry  arc  similar  to  those  for  planar  symmetry. 
NEC  may  take  advantage  of  the  symmetry  in  its 
computations  but  the  GW,  SI’,  SC,  and  GX  cards  may 
specify  only  the  fundamental  geometry  to  which 
rotational  symmetry  is  tobe  applied.  When  rotational 
symmetry  Is  specified,  NECGEOM  cheeks  to 
determine  that  no  segment  lies  on  or  crosses  the 
Z-axis  and  that  no  surface  patch  is  intersected  by  the 
Z-axls,  If  these  conditions  arc  violated  then  rotational 
symmetty  will  not  be  performed.  Note  that  If  both 
planar  and  rotational  symmetry  arc  specified  (with 


planar  symmetry  specified  first),  NEC  will  perform  the 
aleulatkms  for  the  structure  having  both  types  of 
symmetry  but  NEC  will  only  take  advantage  ©{ 
rotational  symmetry  (be.,  the  last  symmetry 
requested).  In  this  latter  arc  the  entire  geometty  win 
be  evaluated  and  matrix  reduction  will  be  based  upon 
rotational  symmetry.  With  this  input  NECGEOM 
writes  the  OR  card  to  the  NEC  input  We  NGC.DAT, 

Ihe  transformation  prompt  asks  the  user  if  an 
additional  overall  rransformatlon  (be,,  rotaiion 
followed  by  translation)  Is  to  be  applied  to  the 
geometry.  Such  a  transformation  has  no  effect  on 
previously  generated  symmetry.  IV  example,  to 
perform  analysis  on  a  structure  with  symmetry  of 
rotation  about  the  Y-axis,  start  with  rotational 
symmetrical  about  the  Z-axts  and  petfotm  a  ninety 
degrees  rotation  about  the  X-axis,  it  should  be  noted 
that  such  a  transfotmation  may  later  affect  the  use  of 
symmetry  in  Ihc  analysis  if  a  ground  plan  is  specified. 
With  this  input  NECGEOM  writes  the  GM  atd  to  the 
NEC  input  flic  NEC.DAT. 

Ihc  final  NECGEOM  prompt  asks  the  user  if  the  X-Y 
planclsiobcuscdasa  ground  plane,  the  response  ro 
this  query  determines  the  tnicger  which  will  follow  the 
GE  on  the  geometry  end  ard.  In  order  ro  use  a 
ground  plane  in  the  NEC  analysis  it  is  necessary,  but 
nor  sufficient,  ro  specify  a  ground  plan  at  this  point  in 
the  geometry  file  creation  process.  Later,  in 
NECQNT  the  properties  of  the  ground  plane  mutt  be 
specified,  ‘there  is  a  provision  to  allow  the  user  to 
cancel  the  ground  plane  spetifiarion  In  the 
NECGEOM  tutorial  procedure.  When  a  grobnd 
plane  is  specified,  NECGEOM  checks  to  determine 
that  no  segment  Of  patch  lies  below  the  X-Y  plane,  if 
this  condition  is  violated  Ihe  user  is  notified  that  a 
ground  plane  will  not  be  allowed. 

After  completion  of  the  NECGEOM  tutorial  there 
will  be  four  new  files  in  the  user  directory.  These  files 
arc: 

NEC.DAT  Ihrtlal  NEC  input  file. 
NECOUT.UNI  New  Universal  File  created  in 
NECGEOM  with  the  UNIPILE  pro¬ 
gram.  This  Universal  Pile  contains 
geometry  data  in  NEC  absolute  wire 
segment  numbering  formal. 
FOR002.DAT  This  file  contains  all  user  responses 
to  NECGEOM  prompts. 

POR003.DAT  This  file  contains  both  the 
NECGEOM  prompts  and  the  user 
responses. 
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The  difference  between  (he  no*1  tinknal  File 
(NCCOUr.UN!)  and  the  original  SWERTAJJ 
Universal  File  U  that  ere fy  NEC  wife  segment  l* 
represented  in  NGCOUT.UNl  by  a  single  Linear 
lleam  Element.  In  ihc  original  SUI'ERfA!)  file  a 
jingle  Element  might  represent  several  wire 
Segment?,  and  a  jingle  wire  jegmern  might  be 
represented  by  1*0  different  Element*.  Thclabclxef 
the  Linear  Ream*  (n  NCCOUf.UN't  correspond  la 
NEC  absolute  jegment  numberx. 

Ihc  user  on  read  NGCOUT.UNl  into  SUPEKTAH 
with  the  Universal  Fdc  read  option  and  obtain  a  three 
dimensional  representation  of  the  Linear  Ream 
Element*  which  arc  labelled  with  the  NEC  wire 
jegment  numbers,  It  I*  worthwhile  to  do  this  if 
excitation  or  loading  of  Individual  wire  segment*  U 
desired,  or  if  network*  or  transmission  line*  are  to  be 
used  to  NEC.  VfcwingNECOUT.UNI  InSUI'GKlAII 
alio**  the  user  to  determine  the  order  in  which 
NECOEOM  ha<  numbered  the  wire  segment*.  Ihc 
capability  to  load  NECOUEUNl  back  Into 
SUI'ERFA!)  allow*  convenient  editing  of  the 
structure  for  iterative  modification  In  the 
development  of  the  model.  Once  the  NECOITEUN1 
geometry  1*  edited  in  SUI’EKFAH  it  an  be 
resubmitted  to  NECOEOM  a *  a  SUI'ERTAR 
Univerjal  File  and  ihc  process  of  NEC  geometry  file 
creation  repeated. 

NECONT— To  Create  the  NEC  Control  Input  File 
NECONF  ha*  three  main  Jubroutincj  which 
correspondingly  and  exclusively  write  cards  from  each 
of  the  three  group*.  NECONT  Interface*  with  Ihc 
prompt  database  OHNEC  and  read*  valucJ  input  by 
the  user.  Hated  upon  these  Input  values,  It  then  all* 
the  appropriate  WRITEGROUl'xxx  subroutine  and 
write*  the  canl  or  group  of  anls.  Each  ard  that  it 
written  1*  then  appended  onto  the  NEC  input  data  file 
NEC.DAT. 

‘ihc  first  prompt  in  the  NECONT  tutorial  l*  the 
GROUP  I  menu.  Thit  menu  allow*  the  user  to  select 
optir  S  and  input  parameters  needed  to  calculate  the 
interaction  matrix.  'Ihc  first  option  Is  for  either 
Thln-wirc  Kernel  or  Extended  Thin-wirc  Kernel, 
'these  approximations  options  are  used  for  the  kerne) 
of  the  electric  field  integral  equation.  With  the 
Thin -w  ire  Kernel  the  current  on  the  surface  of  a  wire 
segment  is  reduced  to  a  filament  of  current  on  the 
segment  axis.  With  the  Extended  Th in-wire  Kernel 
approximation,  a  current  uniformly  distributed 
around  the  segment  surface  is  assumed,  if  the 
Extended  Thin-wirc  Kernel  option  (EK)  Is  chosen,  the 
field  of  this  current  will  be  approximated  with  a  higher 


degree  of  accuracy,  the  accuracy  of  the  numerfeal 
solution  for  the  current*  on  a  wire  segment  depend* 
on  the  wire  Segment  length  and  the  radius  of  the  wire. 
If  the  ratio  Of  Segment  length  to  radius  (StM)  is  small 
(less  than  5)  then  the  poaJrility  for  solution  error  1* 
increased.  In  thi*  situation,  it  would  be  advamageou* 
to  use  the  Extended  Th  In. wire  Kernel  approximation 
a*  it  allow*  for  SL/A  to  be  a*  small  as  2  with 
computational  error  of  less  than 

Ihc  Frequency  Specification  (PR)  option  allow*  the 
user  to  perform  calculation*  at  a  jingtc  frequency  oral 
multiple  frequencies.  If  multiple  frequency 
ttleu lotion*  are  derired,  the  frequency  increment*  an 
be  linear  or  multlplfcatlve.  If  no  frequency  l*  specified 
the  default  frequency  of  299.5  Mt  M  l*  assumed. 

the  Ground  "type  (ON)  option  allow*  the  user  to 
choose  I)  free  space  (the  absence  of  a  ground  plane); 
2)  a  finite  ground  (using  a  reflection  coefficient 
approximation);  or  3)  a  perfectly  conducting  plane,  Ifa 
ground  plane  i*  dcriml  It  must  ha  vc  been  specified  a*  a 
NECOEOM  option. 

Ihc  Interaction  Approximation  Range  (Kll)  option 
allow*  the  user  to  specify  the  minimum  separation 
distance  between  segment*.  If  ihl*  minimum 
Separation  distance  i*  specified  a  lime  saving 
approximation  an  be  used  to  fill  the  Interaction 
matri*.  The  interaction  field  U  computed  using  an 
Impulse  approximation  whenever  two  segment  arc 
separated  by  more  than  RKII  wavelengths. 

The  Structure  Loading  (LD)  option  allow*  the  user  to 
specify  the  impedance  loading  on  one  segment  (or 
number  of  segments).  'Ihc  analyst  may  use  the  LD 
option  to  l)  specify  complex  impedance  or  Jumped 
element  parameters  (R,  L,  and  C  that  arc  fixed  wish 
frequency)  on  any  numfcerof  elements;  2)  specify  wire 
conductivity  on  any  number  of  elements;  or  3)  nullify 
any  previous  loads  on  all  segment*. 

'Use  second  NECONT  menu  Is  for  GROUP  2  control 
ard*  and  allows  the  selection  of  parameter*  which  will 
require  NEC  to  factor  the  existing  interaction  matrix. 
The  Structure  Excitation  Specification  (EX)  option 
allows  the  user  to  identify  the  excitation  Incident  upon 
the  structure.  The  excitation  type*  an  be  1)  an 
applied  E*ficld  voltage  source;  2)  a  linearlypotari/ed 
incident  plane  wave;  or3)  right  or  left  hand  eliiptkally 
polarized  plane  waves. 

The  TWo  l\)rt  Network  Specification  (NT)  option 
allows  the  user  to  generate  a  two-port  nonradiating 
network  connected  between  any  two  segments  in  the 


811 


structure.  the  characteristics  of  the  nctwotle  arc 
specified  by  Its  short-circuit  admittance  matrix 
dements. 

the  Uanswlsdort  tine  llctwccn  Segment*  (TL) 
option  l*  similar  to  thcTVo  Port  Network  Specification 
option  in  that  «he  user  1$  allowed  10  generate  a 
structure  between  any  1*0  segment*  erf  a  model,  To 
define  a  transmluton  line  the  user  must  define  the 
length  erf  the  line  connecting  the  two  segments,  the 
line  characteristic  Impedance,  and  shunt  admittance. 

Finally,  the  tan  NECONT  menu,  for  GKOUP  3 
controls,  atlo«*  the  user  to  apeeify  computation  erf 
segment  currents,  scattered  or  radiated  fields,  and 
coupling  between  segment*.  the  Erst  option, 
Compute  Coupling  Uetween  Segments  (Cl%  will 
solve  for  the  maximum  coupling  that  could  occur 
between  any  of  the  segments  that  arc  used  to  make  up 
the  model.  NEC  can  caleu’atc  the  effects  of  coupling 
erf  five  different  segments  upon  each  other. 

The  Compute  Near  Electric  Held  (NE)and  Compute 
Near  Magnetic  Reid  (Nl  l)  options  will  calculate  the 
tout  (Incident  plus  scattered)  electric  or  magnetic 
fields  at  some  user  specified  distance  from  the  object. 
Rectangular  or  spherical  coordinates  can  be  used  for 
either  of  these  two  options. 

The  Compute  Segment  Currents  Only  and  Compute 
Monostatic  Reid  options  arc  self  explanatory.  ‘Hie 


possible  radiation  types  for  the  monosutle  source  ate 
1)  linearly  polarised  Incident  plane  waves;  2)  right  or 
left  hand  cltlptiealty  polarised  plane  waves;  or  3)  an 
elementary  current  source,  lire  Compute  Monostatic 
Field  option  Is  a  unique  SUl'ERNOC  feature  that  U 
net  typically  available  to  the  NEC  user. 

After  NFsCONT  has  written  the  control  cards  it 
returns  with  the  GROUI’SEUjCT  menu  to  allow  the 
user  to  return  to  any  of  the  three  groups.  The  options 
allows  the  analyst  to  change  some  of  the  parameter 
values.  Thlsactioncreatcsaddltlonaleardstobeuscd 
(n  Itera.lve.  calculations.  When  all  desired  control 
Cards  ha'  'Cen  generated  the  user  mayehoose  to  exit 
NECONT.  Upon  completion  of  the  NECONT 
tutorial  the  NEC  Input  Trie  NGC43AT  Is  dosed  and  Is 
ready  to  be  read  Into  NEC  to  launch  the  analysis. 

Examples: 

Using  SUi’KRTAtt  to  Create  Geometries  for  NEC 

Most  geometty  modeling  capabilities  available  with 
electromagnetic  analysis  codes  arc  limited  to  stick 
figure  approximation*  orervdccyllndrieal  and  polygon 
geometries.  In  some  caret  the  geometry  model 
options  indude  a  cone  as  a  cylinder  end  tap. 
SUI'EKFAH  allows  the  generation  and  meshing  of 
complex  shapes  and  intricate  detail  such  as  surface 
dimples  or  re-entrant  cavities  like  an  Inlet  duet.  One 
such  cxamplctan  be  found  In  the  exhaust  nook  of  the 
SUPElrfAll  model  of  a  rocket  In  Rgurcl 


Figure  2.  Rockot  Shaped  Geometry  with  nil  Fins 
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This  model  Is  a  combination  of cylindrical,  conical  and 
planar  shapes  wish  straight  line  and  curved  line  plan 
forms.  The  spline  option  In  SUt'EKfAll  alums 
(dealer  innJcling  accuracy,  typically.  than 
computational  capability  will  permit.  A*  computer 
ptsKcssor  speed*  ami  wasting  memory  increase, 
computational  analysis  code*  like  NEC  will  be  able  to 
sake  greater  advantage  of  she  madding  accuracy  of 
SUl'BKTMI. 

Ulementaty  EM  analysis  generally  slant  wish  planar 
madding  of  simple  geometries.  I’lanar  object*  as  well 
as  attaching  wires  are  easily  modeled  for  NEC  using 
thcSUI'EKNEC concept.  Figure  3  illustrate*  t*oand 
shree  dimensional  vje*t  ©f  a  SUI'EKfAll  made!  of  a 
planar  disk  wish  a  monopole  anienna  above  she  ecnier 


(1-s)0)V  <g>  100MHz 

- * 


©I  she  dbk.  the  disk  has  a  diameier  of  t*o 
wavelength*.  The  monopolc  has  a  length  of  0.1 
wavelengths  and  she  antenna  is  as  a  height  of  0.OJ 
wavelengtlst  above  the  surface  of  she  disk,  ihe 
antenna  is  being  driven  by  1+jO  volts  at  ICO  Mil*. 
Using  this  geometry  as  an  Input  to  NUC.  Figure  a  is  a 
plot  of  the  resultant  NEC  analysis  showing  the 
IM'tanc  pattern  of  the  monopolc  above  a  disk, 

the  SUI'EUNEC  Intetfaec  between  SUI'EKfAll  and 
NUC  allows  modeling  of  geometries  represented  In 
spherical  and  cylindrical  coordinates  as  well  as 
cartesian  coordinate  geometries.  A  sphere  tan  be 
modeled  to  any  gtfd  sl*c  depending  on  the  desired 
aeeuraey.  Overall  grid  sircean  be  decreased  quickly  in 
SUI'EKfAll  for  easts  where  higher  frequency  data  is 
desired.  Ihe  SUI'EKfAll  feature  to  generate 
variable  weed  grid  spacing  is  illustrated  In  Figure  S 
w  here  free  mesh  generation  was  specified.  Whenever 
variable  meshing  is  employed  In  SUI'EKfAll  the 
analyst  should  view  the  geomctiy  ptior  10  NUC  Input 
to  verify  model  Integrity. 

Scattering  tan  only  be  determined  analytically  for 
simple  canonical  shapes.  SUI’ERNEC  allows 
SUI'EKfAll  modeling  and  NEC  analysis  of  comptcx 
geometries  that  must  be  analysed  numerically.  Figure 
6  illustrates  a  complex  volumetric  star  shaped 


2-D  view 


Flsvro  3.  Monopole  Above  a  Disk 
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Figure  4.  FtxSailon  pattern  of  i  Monopolo  Above  a  OisA  (F-Pi&ne  pantm) 


Figure  5.  Sphere  With  Free  Mesh  Generation 
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FIq uroC.  VotuerMtric  Star  Shaped  Goomtuy 


gcomeuy  created  In  SUI’ElfFAlt.  Hie  JUr  has  a 
•height  And  width  of  t»u  wavelengths  and  a  dcpih  of 
047  wavelengths  and  Is  shown  with  (nurse 
segmentation.  Figure  7  Is  a  plot  of  the  NEC  analysis  of 
the  scatter! rig  pattern  of  the  same  geometry. 

Complac  geometries  can  be  modeled,  analyzed  and 
the  resultant  current  distribution  viewed  using 
SUl'EKNEC.  SUl'EHTAll  in  concert  with  NEC 
allows  a  graphic  representation  of  a  quantity  that 
cannot  be  easily  solved  analytically  nor 


faperimenully.  Our  last  cample  Illustrates  a 
volumetric  triangular  plate  (Figure  5).  The  plate  is  a 
M*.  120*,  30*  triangle  with  a  base  length  (longest 
dimension)  of  two  wavelengths  and  a  thickness  of  0.0J 
wavelengths.  Figure  9  contains  several  views  of  a 
contour  plot  of  the  induced  surface  current 
distribution  on  the  triangular  plate  due  to  a  broadside 
(normal  to  the  plane  of  the  plate)  Incident  E-ficld.  In 
this  case  the  data  results  from  the  NEC  analysis  were 
fed  back  into  SUl’EKXAl)  to  create  the  Induced 
surface  current  contour  plots. 
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Figure  7.  Monosiadc  Scarring  Pattern  cl  a  Volumetric  Star  Shaped  Geometry 

Summary 


In  general  the  SUPEKTAII  io  NEC  interface 
(SUI’EKNEC)  offer*  raodeliugca  ['abilities  equivalent 
to  any  other  modeling  method  currently  available  for 
use  with  an  KM  analysis  code  such  as  NEC.  Prom  a 
practical  standpoint,  the  use  of  SUPEUTAH  has  been 
successful  In  fulfilling  the  original  criteria  to  use 
existing  capabilities  and  produce  the  NEC  I/O 
Interface  with  minimal  development.  One  possible 
drawback  to  this  approach  is  the  license  requirement 
for  the  use  of  SUI’ERfAll.  'litis  can  become 
prohibitive  for  individual  users  or  in  the  event  that  the 
ajtplkation  Is  to  reside  in  a  classified  area  where  it 
cannot  be  shared. 

The  specific  advantages  to  the  SUI’EHNEC  concept 
include: 

•  The  feature  of  automated  mesh  generation 
with  either  uniform  or  variable  sized 
segmentation. 

•  The  capability  of  creating  cither  one,  two,  or  three 
dimensional  bodies  with  curved  surfaces. 

•  The  option  of  modeling  in  cartesian,  spherical,  or 
cy  lindrical  coordinate  systems. 


•  The  ability  to  edit  the  structure  geometry  after  it  is 
created,  volumes,  surfaces,  and  even  individual 
wire  elements  can  be  edited,  deleted  or  added  to 
she  model. 

•  the  use  of  Splines;  to  model  complex  curvature* 
with  a  high  degree  of  accuracy. 

•  The  option  to  compute  monostatic  fields  In  any 
plane. 

e  SUI'EKNEC  insures  that  all  segments  arc 
connected.  NEC  users  may  have  experienced 
incorrect  analysis  results  due  to  an  Input  error  that 
resulted  in  unconnected  segments,  litis  error  is 
not  detected  by  NEC. 

•  The  nbility  to  view  NEC  output  as  a  SUi’P.RI’All 
geometiy.  This  has  been  demonstrated  to  be 
useful  in  the  evaluation  of  the  induced  surface 
current  distribution  on  a  volumetric  body 
(Figure  9). 

Future  application  of  the  SUI’EKNEC  concept 
Include  the  development  of  I/O  interfaces  to  other 
electromagnetic  analysis  codes.  In  particular,  it  is  our 
desire  to  develop  n  convenient  time  domain  analysis 
capability  with  a  similar  graphical  user  interface. 
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l.  SUI’EKfAU  User's  Guide;  Structural  Dynamic* 
Kearoh  Corp.;  52Q1.I202M  4/%rintcd  In  USA. 


Numerical  Electromagnetic*  Code  (NEQ- 
Mcthod  of  Moments;  Technical  Document  116, 
UCHM8SJ4;  \W.  I.  part  2j  Program  Desert^ 
lion-Ctxk.  ami  M»l.2,  part  3:  User**  Guide;  G  J. 
Hutke  and  AJ.  IVgio  of  Lawrence  Livermore 
National  Ulwratory;  Naval  Ocean  Systems 
Center.  San  Diego,  CA.  92152. 
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ABSTRACT 

Dielectric  wedge  diffraction  occurs  whenever  electromagnetic  waves  illuminate  a  sharp  edge 
on  an  interface  separating  different  dielectric  media,  c.g.,  air  and  glass.  Such  dielectric  edges  arc 
often  encountered  in  practice,  for  example,  on  prismatic  and  faceted  transparent  objects,  or,  more 
generally,  on  cylindrical  and  conical,  nonconducting  structures  with  polygonal  cross-sections. 
Despite  its  importance  in  many  applications,  no  mathematical  solutions  exist  for  dielectric  edge 
diffraction  since  it  is  fundamentally  a  vector  rather  than  scalar  wave  phenomenon. 

This  talk  reviews  a  new  vector  theory  for  the  canonical  problem  of  two  contiguous, 
semi-infinite,  dielectric  wedges,  with  a  TM  erTE  polarized  plane  wave  incident  from  the  exterior 
wedge  and  parallel  to  the  edge.  The  mathematical  formulation,  based  on  self-similar  solutions  of 
the  vector  wave  equation  in  two  space  dimensions,  yields  a  vector  initial-boundary  problem  in 
connected  complex  half-planes.  Solutions  arc  presented  as  Cauchy-type  integral  representations  on 
(he  boundaries.  Boundary  conditions  yield  a  singular  integral  equation  to  be  solved  for  the  kernel 
of  the  boundary  integral  representation.  The  theory  is  discussed  for  an  example  problem  that 
minimizes  complexity  while  exhibiting  all  of  the  vector  character.  As  a  validation  of  the  analysis, 
the  solution  is  verified  numerically. 

t  Supported  under  AFGL  Contract  F19628-84-C-0l02and  NSF  SB1R  Grant  SI-8760089 
•  4410  El  Qmlno  Real,  Suite  1 10,  Los  Altos,  CA  94022  (415)  949-3010 


INTRODUCTION 

This  talk  describes  some  aspects  of  a  new  mathematical  theory  for  the  diffraction  of 
electromagnetic  waves  by  dielectric  wedges.  7he  canonical  initial-boundary  problem  is  formulated 
under  the  assumpu'ons  of  classical  field  theory— appropriate  provided  the  incident  electromagnetic 
radiation  is  adequately  represented  by  waves  rather  than  quanta.  The  mathematical  problem  is  one 
of  generalized  vector  wave  diffraction  since  it  considers  a  generalized  interface,  i.e„  an  infinitely 
sharp  edge  on  a  plane  interface,  separating  two  different  media  supporting  wave  fields.  This 
theory  is  relevant  to  computational  electromagnetics  since  the  canonical  dielectric  wedge  solutions 
described  below  are  fundamental  to  geometrical  theories  of  diffraction,  e.g,  GTD,  UTD.  In 
addition,  the  theory  provides  a  benchmark  for  testing  accuracy  of  numerical  approximations  like 
time-domain  finite  differences  or  finite  elements,  since  discrete  meshes  do  not  resolve  sharp 
comers  and  the  field  singularities  they  produce  without  special  attention. 

The  generalized  two-wedge  model  consists  of  exterior  and  interior,  two-oinensional, 
semi-infinite  domains,  with  die  larger  wedge  defining  the  exterior  domain.  It  is  assumed  that  a 
plane,  polarized  electromagnetic  wave  is  incident  on  the  edge  and  parallel  to  it,  with  either  the 
electric  component  (TM  polarization)  or  the  magnetic  component  (TE  polarization)  directed  along 
the  edge.  For  simplicity  it  is  also  assumed  that  the  wave  is  incident  from  the  larger  exterior  wedge 
and  does  not  reflect  from  the  interface  until  it  touches  the  edge.  Clearly,  since  there  is  no  spatial  or 
temporal  variation  in  the  geometry  or  incident  field  along  any  line  parallel  to  the  edge,  the 
problem's  formulation  may  be  confined  to  a  plane  perpendicular  to  the  edge. 

Some  examples  of  generalized  vector  diffraction  arc  illustrated  in  Fig.  1,  showing  incident, 
reflected,  transmitted,  and  diffracted  wavefronts.  The  four  eases  drawn  are  combinations  of  two 
interior  wedge  angles,  120°  and  60°,  and  two  relative  wavespeeds,  Ci  <  and  ct  >  Cj,  where  C| 
and  C2  are  speeds  in  the  interior  and  exterior  wedges,  respectively.  To  illustrate  some  limiting 
examples,  the  incident  wavefronts  are  drawn  nearly  perpendicular  to  the  line  of  symmetry  in  the 
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120°  wedges,  and  parallel  to  the  upper  interface  in  the  60*  wedges.  Note,  as  a  general  rule  all 
plane  wavefronts  propagating  at  C|  or  Cj  in  the  interior  and  exterior  wedges,  respectively,  arc 
tangent  to  their  supporting  wedge's  diffracted  wavefront  or  Its  "virtual"  extension  into  the  other 
wedge.  Thus,  it  is  relatively  simple  to  draw  wavefronts  for  any  Incidence  angle  by  continuing 
tangentially  off  of  the  diffracted  circles. 

Referring  to  the  figure,  the  circular  wavefronts  constitute  the  leading  diffracted  wave  and  the 
"triangular"  wave  fans  are  Mach  waves  excited  in  the  slower  wedge  by  the  faster  diffracted  wave 
crazing  lire  interface.  For  the  ease  of  C|  <  c,,  as  tltc  interior  wedge  angle  decreases,  lire  Mach  wave 
fans  will  intersect,  eventually  reflecting  between  the  interfaces.  This  yields  the  most  complicated 
situau’on  in  terms  of  analysis.  The  case  of  c(  >  Ci  is  generally  simpler,  although  not  as  relevant  to 
opu'eal  applications.  Therefore,  in  order  to  simplify  the  presentation,  this  simpler  case  provides  a 
model  for  much  of  the  theory's  development. 

This  canonical  vector  diffraction  problem  is  well-known  in  applied  mathematics,  but  has 
remained  unsolved  since  its  recognition  jn  electromagnetism  and  elasticity  perhaps  a  century  ago. 
In  contrast,  effective  analyses  of  the  associated  scalar  diffraction  problems  have  been 
well-developed.  Diffraction  by  the  degenerate  scalar  wedge  (In  included  angle),  better  known  as 
the  opaque  screen,  was  first  solved  by  Sommcrfcld  (1896).  MacDonald  (1902)  formally  solved 
the  nondcgcncratc  scalar  problem  of  a  single  wave  type  in  one  wedge,  with  the  first  uniform 
asymptotic  expansion,  i.c.,  valid  everywhere  in  the  domain,  obtained  by  Pauli  (1938).  A  variety 
of  scalar  solution  methods  have  subsequently  been  derived,  in  large  pan  based  on  separation  of 
variables,  but  also  on  the  principle  ofsclf-similariiy,  c.g.,  Keller  and  Blank  (1951). 

Since  vector  diffraction  involves  two  or  more  waves  in  one  or  more  wedges,  none  of  the 
available  scalar  methods  work  In  the  vector  ease.  This  is  due  to  the  essential  nonseparability  of 
coupled  boundary  conditions  in  wedge-shaped  domains.  To  address  this  difficulty,  many  analysts 
(including  mathematicians,  physicists,  and  engineers,  depending  on  the  context  of  the  problem) 
have  attempted  to  extend  the  successful  scalar  methods  to  accommodate  nonscpanbdiiy,  but 
without  success.  More  recently,  research  by  die  present  author,  sponsored  by  the  Air  Force 
Geophysics  Laboratory,  has  produced  such  an  extension  based  on  self-similarity,  Wojcik  (1989). 

There  arc  two  essential  parts  to  the  analysis.  First  is  transformation  of  the  vector  wave 
equation  in  the  generalized  diffractor  via  self-similarity.  This  yields  d'Alembert's  classic  string 
equation  (1-D  wave  equation)  in  characteristic  coordinates,  which  is  solved  by  inspection.  The 
solution  is  mixed,  that  is,  hyperbolic  or  elliptic  over  different  pans  of  the  domain.  It  follows  that 
substitution  of  the  boundary  conditions  yields  a  mixed  boundary  problem  in  semi-infinite  strips. 
The  second  essential  step  is  transformation  of  the  mixed  strips  to  two  complex  half-planes  by  the 
so-called  characteristic  mapping,  essentially  a  Schwarz- Christoffcl  transformation,  under  which 
boundary  conditions  and  the  real  characteristics  arc  mapped  entirely  to  the  real  axes.  By 
eliminating  the  hyperbolic  solutions  on  the  axes,  pure  elliptic  boundary  conditions  are  prescribed. 
This  reduces  the  boundary  problem  to  a  vector  form  of  the  Riemann-Hilben  problem  on  the  real 
axes  of  two  complex  planes,  which  is  reduced  to  a  singular  integral  equation  on  the  two  axes. 

The  mathematical  approach  is  elegant,  and  straightforward  once  ccnain  key  features  arc 
appreciated.  It  provides  a  consistent,  constructive  procedure  for  solving  this  most  difficult 
diffraction  phenomenon.  Of  course,  the  problem's  tong  history  of  intractability  proves  that  no 
formal  analysis  should  be  taken  for  granted,  hence  the  need  for  numerical  solution  of  the  integral 
equation  to  ultimately  confirm  the  theory.  Tlicrefore,  lo  validate  the  soludoo,  numerical  results  for 
the  particular  case  of  the  canonical  problem  with  C|  >  Cj  arc  described  briefly  at  the  end  of  the  talk. 
Although  an  all-encompassing  analysis,  valid  for  every  combination  of  geometry,  input,  and 
wavespeed  is  not  presented,  the  techniques  developed  here  arc  sufficient  to  analyze  all  such 
situations.  However,  these  details  must  be  left  to  future  papers. 


PROBLEM  STATEMENT 

The  generalized,  plane  diffractor  consists  of  two  semi-infinite,  contiguous  dielectric  wedges 
defined  by  lines  Lri)  and  LW  drawn  from  the  origin.  These  lines  define  an  interior  domain  with 
included  angle  (Oj  <  re  and  an  exterior  domain  with  included  angle  COj  >7t,  designated  Hi  and  flj 
respectively.  Geometry,  wedge  numbering,  and  the  polar  coordinate  system  are  illustrated  in  Fig. 
2,  where,  for  convenience,  it  is  assumed  that  LW  is  on  the  x-axis. 
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The  applied  electromagnetic  field  is  a  TM  or  TE  polarized  plane  wave  incident  from  exterior 
wedge  s2j  onto  the  vertex  at  time  t  ■  0,  with  a  unit  step  or  jump  across  the  wave  front.  More 
conventional  timc-harmonlc  response  may  be  obtained  by  convolving  a  sinusoid  with  the  solution 
to  this  step  input.  There  is  no  need  to  specify  a  particular  wave  polarization  at  the  outset  since  only 
constamsmihcboondaryconduionsdiffer. 

Each  wedge  supports  a  scalar  wave  function,  f,  or  fj,  in  domains  ft,  and  fl,  respectively. 
Therefore,  the  two  governing  wave  equations  can  be  written  in  vector  form  as 


r,N  h  °r,  po  n  r°’ 

□  ■  A  -  - 

/jj  [o  y  Lfd  Ly  o 


P)  Of  ■  c  Af  -  f|(  ■  Q 

where  definitions  of  matrix  c  and  vector  f  are  dear  from  (l). 

Hie  two  wave  functions  are  coupled  by  boundary  conditions  representing  tangential  field 
continuity  on  the  wedge  interface,  L  *  L<‘>  u  LG),  c.g., Stratton  (19-U);  These  can  Ixwriitcn 


where  for  TM  v„  ••  1/po  and  for  TE  vfl  «  1/^. 

DlaneCwSC!irf.Ilhn,^tbftnnr  ,*°Jni,i?1  conditions  representing  the  incident 

plane  w  avc,  i.c,,  step  function  f2  *  1  i(Cjt  -  xcos$  -  ysm$),  unity  for  positive  argument  and  zero  for 

arcnmfrrrT^  c l  „-nI38fc  of  ywkingwith  the  same  order  of  derivative,  conditions  on  f,  and  f0 
and^nsfOT;ing°thc^un!cn^iv«Wr^in:,ICS  “  d,V,dmB  ‘hC  argUmcW  by  r*  ,akin*  dcriva,ivcs 

<4)  ^(r,0,O)  -  ± fe(r,0,0)  -  8(0-$-it±jt/2) 

with  the  (+)  sign  for  vanishing  argument  at  fl  -  <*>  +  n/2,  and  the  (-)  sign  at  0  » <{.  +  3r/2. 

WAVE  SOLUTIONS  AND  THE  INITIAL-BOUNDARY  PROBLEM 

-8.rCa  AfSrm5 ^n,y  variablc  P  ■  rJl  and  transforming  vcc'or  wave  equation  (2)  using 
relation  rfr  * -tf, = pfp  for  homogeneous  functions  of  degree  zero,  gives  die  reduced  wave  equation 

(5)  pVVlKpp  +  c2f9j)  +  p(c1-2pII)fp  »  0 

c  h^e’l W^Md.f^Iy  ItUUriX;  0bs.crYc  ,hat  *c  lading  coefficient  vanishes  at  pi  n  0  and  pi  8 
c,  hence  these  yield  a  singular  point  and  singular  circle  respectively.  It  follows  that  the  equation  is 
of  muted  type  across  pi  =  c  i.c.,  hyperbolic  outside  the  circle  (pi  >  c)  and  elI,Sde%  <  c) 

A  direct  solution  of  this  self-similar  form  of  the  vector  wave  equaifon Es with  the 
transformauon  to  charactcnsuc  coordinates.  The  characitrisu'c  equation  is  readily  found  to  be 

®  P2(c2-p2I)(dO)2  +  c2(dp)2  n  0 

and  its  solution  is 


(7)  01  ±  eos’Vp  ■  w*  b  u±v 

where  diagonal  matrices  w.«  u  ±  v  arc  constants  of  integration  defining  the  characteristic 
coordinates.  Since  v  a  cos,fc/p  ->  i  co$h’'c/p,  diagonal  elements  of  v  are  real  for  pi  >  c  and 
imaginary  for  p!  <  c,  hence,  the  characteristics  arc  real  outside  the  singular  circles  and  complex 
inside. 

Reduced  vector  wave  equation  (51  is  transformed  to  characteristic  coordinates  by  replacing 
derivatives  via  the  chain  rule,  resulting  in  the  normal  vector  form 

(8)  f.,*_  -  0 

which  can  of  course  be  integrated  directly  giving  d'Alembert's  classic  solution 

(9)  f(p,0)  -  F,(«0  +  F-(w-) 

where  F*  arc  two  unknown  vector  functions.  This  solution  is  of  mixed  type,  changing  from 
hyperbolic  (real  characteristics)  to  elliptic  (complex  characteristics)  across  v  ■  0.  Singular  line  v  ■ 
0  supports  the  diffracted  wavefront  and  is  itself  characteristic  since  it  satisfies  characteristic 
equation  (6),  albeit  degenerately.  In  the  elliptic  domain  note  that  F^  arc  complex  conjugates. 
Asymptotic  analysis  sltows  that  these  solutions  have  a  In  p  singulanty  at  the  vertex  for  either 
polarization  and  ate  continuous  across  live  singular  circle. 

The  transformed  wave  domain  for  the  vector  initial- boundary  problem  is  illustrated  in  Fig,  3 
for  a  simple  example  that  will  be  used  later  to  demonstrate  particular  solutions.  Each  of  the  two 
mixed  domains,  CL,  n  ■  1, 2,  drawn  in  the  figure  are  spanned  by  diagonal  coordinate  matrices  u„ 
and  vn,  with  hyperbolic  f\jj  and  elliptic  subdomains  corresponding  to  real  and  imaginary  v„, 
respectively.  The  conjugate  elliptic  domains  covered  by  complex  variables  wn,  ar.d  wn.,  arc  drawn 
perpendicular  to  die  hyperbolic  domains  covered  by  *45°  and  +45°  lines,  namely,  «  u„  ±  vn. 
Limits  on  u„  arc  S  'ft')  +  o\,,  where  ‘ft')  is  the  angle  of  L&l  and  o\,  is  the  included  angle  of 
f^.  Real  limits  on  v.  arc  0  £  vB  5  x/2  (hyperbolic  subdomain),  where  vB  •«  x/2  corresponds  to  t  -4 
0  (or  r  -t  °o),  the  initial  state;  and  v„  ■  Q  is  die  map  of  r  ■  cnt,  die  diffracted  wave  front.  Imaginary 
limits  on  v„  are  iO  <  v.  <  i*°,  where  the  upper  limit  is  die  map  of  limiting  arcs  surrounding  the 
vertex.  By  virtue  of  the  vector  form  of  the  problem,  subsequent  references  to  these  domains, 
coordinates,  and  solutions  will  drop  the  subscript  or  superscript. 

In  order  to  proceed  with  a  solution  of  the  diffraction  problem,  particular  solutions  for  F*  must 
be  found  dm  satisfy  die  initial  and  boundary  conditions  on  the  transformed  wave  domain.  Initial 
condition  (4)  is  given  on  line  v  ■  x/2,  corresponding  to  p  ->  (i.c,,  t  ->  0  or  r  ~» <»),  while 

boundary  condition  (3)  is  prescribed  on  lines  u  »  yand  u  «y  +  to.  These  conditions  arc  readily 
transformed  to  their  self-similar  characteristic  forms,  to  yield  a  complete  statement  of  the  mixed 
Initial-boundary  problem  for  F*  in  the  semi-infinite  strip  domains.  Since  the  problem  involves 
coupled  hyperbolic  and  elliptic  subdomains,  its  solution  requires  analysis  of  each  domain 
separately,  as  well  as  consideration  of  continuity  across  mixed  interfaces. 

Determining  global  elliptic  solutions  of  the  initial-boundaty  problem  is  complicated  by 
geometry  of  the  mixed  vector  wave  domain,  consisting  of  a  semi-infinite  strip  in  the  u-v  plane  with 
real  (hyperbolic)  and  complex  (elliptic)  characteristic  coordinates  changing  across  the  diffracted 
front,  v»0,  also  a  characteristic.  Applying  boundary  conditions  on  the  strip  perimeter  is 
inconvenient  because  the  boundary  parametrization  changes  at  comers  and  the  conditions  arc  of 
mixed  type. 

Dearly,  the  problem  would  be  better  posed  if  it  involved  only  elliptic  conditions  on  a  circle  or 
half-plane,  i.c.,  a  single-parameter  boundary.  For  a  conventional  scalar  elliptic  problem  on  a  strip, 
it  is  natural  to  apply  a  conformal  mapping  to  parametrize  the  boundary  by  a  single  variable,  A 
similar  approach  is  effective  in  the  present  ease,  although  the  transformation  is  on  a  characteristic 
variable  rather  than  the  conventional  complex  variable.  This  yields  the  so-calicd  characteristic 
transformation 

(10)  z  =  (cos  (re  co-1  (w±  -  y)))'1  ■  x  +  iy 

mapping  the  elliptic  w+  subdomain  to  the  upper  half-plane,  w.  to  the  lower,  and  the  wedge  vertex 
to  the  origin.  The  hyperbolic  subdomain  now  maps  to  the  real  axis,  on  -I  £  x  2: 1.  This  is  the 
canonical  domain  for  the  vector  initial-boundary  problem.  An  example  is  shown  in  Fig.  4. 
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What  remains  Is  a  boundary  problem  for  ihc  elliptic  pan  of  F±  on  the  real  axis,  redefined  for 
convenience  as 

(11)  1VKW)  ■  W(a)  «  U(x,y)  4 1  V(x.y) 

where  W(z)  satisfies  the  reflection  principle,  i.c.,  \V(x»)  .■»  \V*(z),  since  F.'  and  FJ  are  complex 
conjugates  and  map  to  the  upper  and  lower  half-planes  respectively.  The  problem  is  to  determine 
W(x)  by  continuation  of  the  transformed  boundary  conditions  on  y  ■  0. 


INTEGRAL  REPRESENTATIONS  AND  SINGULAR  SOLUTIONS 
Boundary  conditions  on  segments  of  the  real  axes  in  site  complex  half-planes  relate  real  and/or 
imaginary  pans  of  the  unknown  elliptic  functions.  These  equations  couple  pans  either  between  the 
two  domains  or  within  one  domain  only,  defining  respectively,  vector  or  scalar  boundary 
p-oblcms.  The  scalar  problems  may  be  solved  in  closed-form,  establishing  (he  fundamental 
structure  of  representations  used  to  formulate  the  vector  boundary  problems. 

Determination  of  an  analytic  function  in  the  complex  plane  given  a  linear  relation  between  its 
rea!  and  imaginary  parts  on  a  curve  or  contour  has  cook  to  be  called  the  Riemann-Hilbert  (R-H) 
problem,  c.g.,  see  Carrier,  Krook,  and  Pearson  (1965).  This  is  precisely  the  scalar  problem 
mentioned  above.  The  solution  of  R-U  problems  on  the  real  axis  follows  a  straightforward 
procedure  based  on  factorization  methods  and  Cauchy- type  line  Integrals.  Fundamental  to  this 
procedure  Is  the  representation  of  analytic  functions  in  tlx:  half-plane  by  Cauchy-typc  line  integrals 
over  Segments  of  the  real  axis.  In  particular,  given  die  Imaginary  pan  of  an  analytic  function  on  a 
Segment  of  the  real  axis,  then  the  function  can  oc  represented  by  a  Cauchy-type  line  Integral  on  this 
imaginary  pan  over  the  segment.  For  example,  it  M(z)  is  analytic  off  the  real  axis,  satisfies  the 
reflection  principle,  and  itsimaginary  pan  is  known  on  (x„xb),  then  representations  of  the  function 
and  its  boundary  values  are 

M(x)  -  ijM^lds  +  N(r) 

(12) 

M*(x)  -  ds  +  N(x)  ±  i!m(M*(x)] 

The  integral  is  a  particular  solution  of  inhomogeneous  equation  Mf — M“  ■  i2Im[M*).  while  N(z) 
is  a  solution  of  homogeneous  equation  N*  -  N‘  ■  0,  hence,  N  is  real  on  [x,,xb].  This  type  of 
representation  is  a  gcncralizadon  of  the  Poisson  integral  formula  on  the  half-plane,  or  equivalently, 
the  Hilbert  transform,  and  is  readily  mapped  to  arbitrary  curves  and  contours.  The  second 
equation  is  the  limit  of  the  first  as  z  -*  x  from  above  (+)  or  below  (-)  the  axis.  The  singular 
integral  is  evaluated  as  a  Cauchy  principal  value  and  the  imaginary  pan  is  the  result  of  integrating 
around  the  Cauchy  pole  on  an  infinitesimal  half-circle. 

Solutions  of  the  scalar  Riemann-Hilbert  problems  yield  global  representations  of  analytic 
functions  W,(zt)  and  Wi(zj)  that  include  unknown  functions.  To  complete  the  solution,  these 
unknowns  arc  represented  by  Cauchy-typc  line  integrals  as 


W](t|)  »  B|(.|X5|(I,)|  1J  f°|Gi'|)-  W  ds,  +  E,(z,)  +  P,(z,)) 


<«>  "iW  .  D.frjMlf (°=s1  +  tjrj  *  r,M 

-b  1  *■ 

where  B,  G,  E,  and  P  arc  known  solutions  of  the  scalar  R-H  problems,  while  Ki  and  K2  are 
unknown  density  functions  to  be  determined.  Taking  the  limit  on  the  real  axes  and  substituting 
into  the  vector  R-H  problems  yields 
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05) 

RclBftlJ. 

where 

(16) 

S  "  n(B. 

*r*« 


« 

dl,  -  BjJ 

-I 


'ffip&l*  „  s 

h~  * 


+  ^{Q(,)C%,  -  $  +  <ft%  -  xf>» 


Therefore,  solving  the  integral  equations  for  Kj  ■  (ViAMQK,  and  substituting  the  result  Into 
representations  (13)  and  (14)  yields  solutions  for  and  W;  satisfying  the  initial  and  boundary 
conditions  of  the  problem. 


SOLUTION  OF  AN  EXAMPLE  PROBLEM 
Hie  analysis  described  here  is,  in  most  nan,  format  since  rigorous  mathematical  justification 
docs  not  accompany  each  step.  Therefore,  in  order  to  claim  that  this  is  in  fact  a  solution  to  the 
generalized  diffraction  problem,  extensive  verification  is  necessary. 

To  begin  the  process  of  verification,  an  evaluation  of  the  singular  integral  equation  was 
performed  for  the  following  parameters,  c(  ■  1.,  cj-  ,6854,  to,  -  120*,  (Oj  ■  240*,  $  *  60*,  with 
both  TE  and  TM  polarizations.  By  subtracting  out  all  singularities  in  the  integral  equation  and 
applying  a  Gauss-Legendre  quadrature  rule,  it  reduces  to  a  linear  system  for  the  unknown  nodal 
values  of  the  smooth  residual  function  in  the  integral.  This  system  may  be  solved  uniquely,  nodal 
values  of  Ki  determined,  and  integral  representations  (13)  and  (14)  evaluated.  It  is  readily  verified 
by  back  substitution  that  the  differential  equations  and  all  initial  and  boundary  conditions  are 
satisfied  to  the  numerical  accuracy  of  the  linear  system  solution. 

With  F(w(z))  ■  W(z)  known,  it  must  be  integrated  for  f(p,0).  This  is  accomplished  by 
integrating  F(w(z))  along  racial  paths  starting  from  known  initial  conditions  and  continuing  along 
circumferential  lines  to  fill  in  the  complete  diffracted  solution  in  each  wedge.  Due  consideration  of 
the  wavefront  singularities  is  essential.  Comparing  the  resulting  analytical  solution  to  a  finite 
element  solution,  agreement  was  found  to  the  numerical  accuracy  of  the  respective  solutions, 
except  near  the  vertex  where  the  In  r/t  behavior  was  net  captured  by  the  finite  elements.  Based  on 
these  evaluations  it  appears  that  the  analysis  described  above  does  indeed  provide  a  solution  to  the 
dielectric  wedge  diffraction  problem.  Further  validation  and  extensions  will  be  forthcoming. 
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ABSTRACT 

Oirrent  Finite  Difference  Time  Domain  (FDTD)  formulations  require  the  permittivity,  perme¬ 
ability,  and  conductivity  to  be  constant.  However,  for  many  materials  these  parameters  vary 
significantly  with  frequency.  This  negates  one  of  the  primary  advantages  of  the  FDTD  meth¬ 
od,  the  ability  to  efficiently  obtain  result*  for  a  wide  band  of  frequencies  with  a  single  comput¬ 
er  run.  Current  practice  for  highly  dispersive  materials  is  to  make  separate  FDTD  computer 
rtmt  for  a  multiplicity  of  narrow  frequency  bands  of  interest,  using  the  appropriate  values  of 
the  constitutive  parameters.  Thus,  for  dispersive  materials,  the  FDTD  method  cannot  com¬ 
pete  effectively  with  the  Method  of  Moments,  except  for  situations  where  the  Method  of 
Moments  cannot  be  readily  applied. 

The  effects  of  constitutive  parameters  which  vary  with  frequency  arc  included  in  a  new 
frequency-dependent  FDTD  formulation,  (FD)’TD,  by  extending  the  traditional  Yee  formula¬ 
tion  to  Include  discrete  time-domain  convolution.  'Hie  accuracy  of  (FD),TD  is  demonstrated 
by  computing  the  reflection  coefficient  at  an  air-water  interface  over  a  wide  frequency  band 
including  the  effects  of  the  frequency-dependent  permittivity  of  water. 
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APPROACH 

Wc  begin  the  description  by  assuming  familiarity  with  the  clastic  R)Tl)  paper  bj  Yee  ( I J.  Ills 
notation  ami  positioning  of  field  ejuancUIcA  about  a  rectangular  "ccir  is  retained.  Maxwell's 
curl  equations  for  isotropic  media  arc 


Ot 

(l) 

Or 

(2) 

3m,tft 

(3) 

ft~c£ 

where  ft,  ft,  and//  are  all  Instantaneous  (lime-domain)  values.  Hie  above  relation  between 
l)  and  H  assumes  a  medium  without  memory  of  previous  field  values  (a  non-dispersive  medi¬ 
um).  In  general,  the  present  value  of  f>  will  depend  on  the  present  value  of  I;  nm/  all  previous 
values  of  Is  (2|.  Then,  for  a  causal  medium, 


S(0  »  +  f , j (5) 

a 

where  tt  is  the  permittivity  of  free  space,  c_  is  the  relative  permittivity  of  the  material  as 
01-go,  and  where  y(t)  is  the  electric  susceptibility. 

For  this  discussion,  we  will  consider  a  plane  wave  travelling  in  the  +jc  direction.  Then  k 
will  have  only  an  Ef  component  and  ft  will  have  only  an  II,  component.  Then  for  conducting 
media  equations  (I)  and  (2)  become 


on,  HE 

— l  _ r. 

Of  Ox 


(6) 


OD  OH 


(7) 


Discretizing  space  coordinates  such  that 
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t 


(«)/.  k)  m  (t&xj&y,  k&:) 

and  time  such  (hnl 

0(0 «  D(n&()  m  D' 

Yee's  finite  difference  equations  for  this  one-dimensional  example  become 
l)t  5  (/•»—)  -  1),  5  (M-y)  |)  -  £"(f) 


t/n.  I  \  *//_!■ 


To  apply  (R))5TI),  the  complex  frequency-domain  permittivity  function  of  the  material  £(«) 
is  Fourier  transformed  into  a  time-domain  electric  susceptibility  function  y(r).  Using  Yee's 
notation,  we  let  t»  nAt  in  (5)  and  so  each  vector  component  of  J)  and  k can  be  written  as 


O' »  e„ea^  +  J  £(nAf-T)x(t)(/t 


where  the  spatial  index  has  been  temporarily  omitted.  All  field  components  arc  assumed  to  be 
constant  over  each  time  interval  Ar.  So,  assuming  l;(t)  is  zero  for  l<0, 

A- 1 

D'mc.j.'g  +  J  x(t)</r  (II) 

•t'O  ftiAt 

The  value  of  D  at  the  next  time  step  is 

ft 

D'*' -'-CtY,1?''  ”  J  XW(!t  (|2) 

•"•o  ndt 

Now  let 


(**  lyu 


J  xM* 


AX„-X„-X„,,  CM) 

Inset  ling  the  above  equations  into  the  iJIfTercncc  equation  for  the  VxJ)  Maxwell  equation  and 
solving  for  /£* we  obtain  (with  the  spatial  index  reinserted) 

■  7^70  ^ + T7okw|^"(04x-w 


At _ 

(«J0l*X,(0)e,A* 


["*4>  j  a1?  i 
//,  ’(M  y)  -  ",  5(/-y) 


Note  that  if  we  assume  the  relative  permittivity,  t,,  is  independent  of  frequency  (the  usual 
FDTD  assumption)  then  x(r)«0,  eM«t„  yw"G  for  all  in,  and  the  above  reduces  to  the  Yee  for* 
mutation.  The  Yee  equation  for  il  will  be  unchanged  for  nonmagnetic  media, 


r<'4>  -  o  -  *"»] 


While  the  summation  term  in  (IS)  appears  time-consuming,  the  mathematical  nature  of 
the  time-domain  susceptibility  function  can  be  utilized  to  convert  this  summation  into  a  run¬ 
ning  sum  that  is  updated  at  each  time  step  and  stored  in  one  real  variable  per  cell.  In  fact,  an 
efficient  algorithm  can  reduce  the  computation  performed  to  update  the  sum  to  just  two  multi¬ 
plications  and  one  addition. 
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DEMONSTRATION 

In  order  to  demonstrate  the  validity  nml  accuracy  of  the  above  formulation,  the  widc-band 
reflection  coefficient  of  a  plane  wave  normally  incident  at  a  planar  air-water  interface  was  cal¬ 
culated.  The  frc<|uency  band  considered  included  frequencies  where  the  complex  permittivity 
of  water  is  rapidly  varying.  A  general  expression  for  the  complex  frequency-domain  relative 
permittivity  of  a  polar  dielectric  is  |3J 


«  («)  -  e 


I  +M. 


The  corresponding  time-domain  relative  susceptibility  Ainction  is  then 


m 


cxp(-  t/O  for  t>0 


To  demonstrate  the  (FD)STD  computation  of  wide-hand  reflections  at  an  air-water  inter¬ 
face  we  considered  a  one-dimensional  problem  space  consisting  of  1000  eel!:.  <199  cells  were 
used  to  model  air  (frcc-spacc)  and  501  cells  to  model  water,  finch  cell  corresponded  to  a 
length  of  37.5  /im  and  the  time  step  was  0.0625  ps.  The  water  parameters  used  were 
c,«8l,eM»I.81  and  f,~9.4xl0“11.  Figure  1  shows  the  equivalent  complex  relative  permittivity. 
The  incident  plane  wave  was  a  Gaussian  pulse  with  n  maximum  electric  field  amplitude  of  I 
kV/in.  The  frequency  content  of  the  incident  pulse  is  shown  in  Figure  2  while  the  electric-field 
amplitude  vs.  cell  number  at  successive  time  intervals  is  shown  in  Figure  3  through  Figure  8. 
The  finite  difference  equations  used  for  this  example  arc  equations  (15)  and  (16). 

In  order  to  compare  results  using  the  (FD)*TD  formulation  with  results  from  traditional 
FDTD  algorithms,  representative  constant  permittivity  and  conductivity  values  were  required. 
The  constant  relative  permittivity  used  was  the  real  part  of  the  complex  permittivity  of  water 
at  20  GHz,  3*1.864.  The  constant  conductivity  value  was  calculated  by  transforming  the  imagi¬ 
nary  part  of  the  complex  permittivity  at  20  GHz  into  an  equivalent  conductivity  or  *13.43  S/m. 
These  values  of  permittivity  and  conductivity  were  inserted  in  the  FDTD  algorithm  presented 
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Figure  2:  Incident  Gaussian  Pulse  Spectrum 
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Figure  3:  Initial  Pulse 
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(FD)  TD  PULSE  AFTER  240  TIME  STEPS 


(I?D):TD  Pulse  at  240  Time  Steps 
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Figure  7: 


(FD^TD  Pulse  at  960  Time  Steps 
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in  (>i|.  am!  calculations  w<fc  nude  far  a  pulse  propagating  through  an  air-water  interface.  The 
same  parameter*  («U  sire,  time  step,  incident  pulse,  etc.)  were  wo!  a*  in  the  (PD)>Tl)  calcu¬ 
lation*.  figure  9  shews  the  pulse  after  1200  lime.  steps,  computed  by  ihc  traditional  l:t)tl) 
method. 

Corresponding  wide  bandwidth  reflection  coefficients  were  determined  by  calculating  the 
incident  and  reflected  field  strength  v*.  time  one  cel!  in  front  of  the  air-water  interface.  These 
electric  field  vs.  time  data  were  transformed  to  the  frequency  domain  via  the  Discrete  Fourier 
Transform.  The  reflection  cocftieient  at  each  frequency  was  calculated  by  dividing  the  trans¬ 
form  of  the  reflected  field  by  the  transform  of  the  incident  field,  figure  10  compares 
(l;!))^l!)  results  after  1200  time  steps  and  POTl)  results  (with  the  20  Gil*  permittivity  and 
conductivity  values)  after  8000  time  steps  (to  allow  for  the  slower  convergence  of  PDTD)  with 
the  exact  frequency-domain  tcsult.  'Hie  (l:D)vH)  result  is  clearly  much  mote  accurate  than 
traditional  Ft>Tl>.  The  l-DTD  result  is  correct  at  20  Gil/,  as  expected. 
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Traditional  FDTD  Pulse  After  1200  Time  Steps 
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Reflection  Coefficient  vs.  Frequency:  fixed,  FDTD,  end  (f:f))!  I D 
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FiRure  10: 
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CONCLUSIONS 


Modification  of  the  basic  l-’DTD  algor?  «  to  include  electromagnetic  wave  interaction*  with 
material*  eharactcrued  by  dispersive  permittivity  and  permeability  ha*  been  presented,  The 
validity  of  thi*  method,  called  (III)),T1) ,  ha*  been  demonstrated  by  computation  of  the  rcllcc* 
tion  coefficient  from  an  air  .water  interface  over  a  wide  frequency  band  using  a  single  pulse. 
These  result*  were  in  e.x«llc«t  agreement  with  exact  values.  Intension  of  (FOJ’TI)  to 
include  materials  with  dispersive  permeability  and  anisotropic  materials  is  straightforward. 
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FAR  FIELD  PROJECTION 


Dr.  Marvin  J.  Barth  and  Dr.  Richard  W.  Ziolkowilti 
Lawrence  Liver vorc  National  Laboratory 
P.  0.  Box  5501. 1..150 
Livermore.  CA  84550 

AOSTIUCT 

The  FAR  rempuut  code.  whirl*  port  ptotf*‘r*  the  remit*  of  a  Finite  DilTticnee  Time  Domain  (Pi)TDi 
code  to  produce  fat-held  quantisin'  from  neat-held  value*,  it  dnrttbcd  The  integral  cqustwn  and  dilfciemial 
equation  appreaehei  are  t*o  method*  of  calculating  the  tadiatton  and  featuring  eifeett  «f  lyttero*  Ea.h 
method  ha*  piaetteal  limitations  when  used  in  general  application  code*.  For  inttanec,  Integral  equation 
apptoaehe*  ruth  at  the  method  of  moment*  usually  consider  only  perfectly  conducting  wile*  and  patches 
in  the  ficsptehcy  domain  and  the  differential  equation  approarhet  *uth  at  FDTD,  while  applicable  to  multi- 
media  and  the  time  domain,  are  constrained  to  finite  volumes  determined  by  the  ipccihc  computet  memories. 
The  FAR  code  allows  the  neat-held  details  In  the  time  domain  modeled  by  FDTD  code*  to  be  extended  to 
the  far-held.  This  combined  FDTD-FAR  code  ret  greaiy  extends  the  claiv  of  numeric*)  electromagnetic 
modeling  problems  that  ran  be  treated  with  ditcrtU  differential  equation  methods. 

The  FAR  code  uses  the  equivalence  principle  Specifically,  the  code  utiliics  the  tangential  electric  and 
magnetic  ftelJs  at  a  specified  surface  of  the  FDTD  computational  volume  and  calculates  the  trsulting  far- 
fields  from  the  equivalent  magnetic  and  electric  loutec*.  In  thl*  process  the  sources  of  cnots  a  ’  sampling 
density,  the  length  of  the  rxelta'.ion  pulse,  the  total  time  history  record  length,  the  lime  step  site,  and  the 
she  of  the  FDTD  volume.  The  FDTD-FAR  approach  will  be  illustrated  with  a  pultc  driven  array  of  dipole 
elements.  The  far-held  time  histories  and  the  tetulting  frequency  domain  antenna  patterns  will  be  presented. 
The  sires  of  the  various  error*  in  this  apptoach  will  be  discussed  in  derail.  The  efficacy  of  this  approach  will 
be  contrasted  with  conventional  method*. 

J.  INTRODUCTION 

The  finite  difference  time  domain  (FDTD)  code*  have  several  advantages  including  the 
ability  to  model  very  complex  and  elaborate  systems,  multi-media,  and  multiple  frequencies 
(through  Fourier  inversion).  The  disadvantage  of  FDTD  codes  is  that  the  problems  they 
model  arc  generally  limited  by  the  size  of  the  available  computer  memory;  hence,  only 
the  near-ftcld  may  be  modeled.  The  Lawrence  Livermore  National  Laboratory  (LLNL) 
developed  code,  FAR,  will  be  described  in  this  paper.  It  is  a  postprocessing  code  that  uses 
the  near-field  results  of  discrete  codes  to  determine  the  corresponding  far-field  in  cither 
the  lime  or  frequency  domain. 

The  output  of  a  FDTD  code  is  the  time  domain  E  and  //  fields  j»t  the  different  grid 
points  throughout  the  computational  volume.  With  these  E  and  1/  values  we  use  the 
equivalence  principle  to  define  equivalent  electrical  and  magnetic  currents  on  a  specified 
surface  in  this  computational  space.  The  projection  of  these  dipole  currents  to  the  far-field 
is  achieved  with  standard  frequency  and  time  domain  dipole  field  formulas. 

We  assume  zero  sources  outside  the  computational  volume  and  use  Maxwell’s  boundary 
conditions  with  a  null  field  internal  to  the  volume  to  determine  the  surface  currents  which 
would  produce  the  same  external  field.  For  tills  condition,  the  magnetic(J)  and  electric(A?) 
currents  are: 

(1) 
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(2) 


Ii  should  he  noted  that  we  do  not  have  the  exact  surfaces  currents  from  the  grid  values 
given  in  the  FDTD  codes  hut  only  point  values  of  these  currents.  This  approximation  will 
cause  some  error  which  we  will  discuss  later. 

•Since  exterior  to  this  equivalent  source  surface  the  problem  is  linear  (interior  to  the 
computational  volume,  the  finite  element  methods  allow  some  types  of  nondincarity).  we 
assign  the  far-licld  of  an  equivalent  infinitesimal  dipole  to  each  point  of  that  surface  and 
sunt  over  all  these  surface  points. 

The  (ield  of  an  infinitesimal  electric  dipole  may  he  determined  hy  calculating  the  fields 
in  the  Fourier  domain  and  transforming  into  the  time  domain.  The  equations  for  the  dipole 
t' field  is  ;ij: 


f (3) 
•Jar 

P  «  p(w)(fi*P*  +  4>pV  +  Ujp*)  (  I) 

where  {p*,p>,,p:}  arc  components  of  a  unit  vector  pointing  in  the  direction  of  the  point 
source  and  p(u>)  is  a  scalar  corresponding  to  dipole  strength.  For  an  array  of  Nj  electric 
sources,  equation  (1)  can  he  summed  as: 

Ej{u>,  R)  a  ^  Y,  -*e”,*,'(ju)p;(w){u,p?  +  «»P?  +  Sip*}  (5) 

i-t  ' 

r,  =  |/Ml  (6) 

R  a  uxX  +  utY  +  u,Z  (7) 

fj  =  UtxJ  UyjrJ-  +  u,:1  (8) 


Capital  letters  will  always  designate  total  fields  and  the  observer  distance  whereas  primes 
will  indicate  the  source  coordinates.  Since  we  are  calculating  the  fnr-field,  we  follow  the 
usual  conventions  and  remove  the  inverse  distance  term  R  =  |A|  from  the  summation  sign 
and  treat  the  phase  term  as  (ij: 

r.’  =  R  -  ft  (9) 

ft  =  xj  sin  8  cos  $  +  y'j  sin  8  sin  ^  cos  6  (10) 


Transforming  into  spherical  coordinates  will  result  in: 


Eji(u  ,  R)  =  — A'p(cos  8  cos  tf>Sjt  +  cos  8  sin  $SjY  —  sin  8Sj,) 
Ej+(u ,  R)  =  A'p(sin  4>Sjt  -  cos  $Sjv) 


Hj9  = 


-Eh 

n 


(11) 

(12) 

(13) 

(14) 
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In  equation*  (13)  an<)  (14)  we  have  designated  the  medium  impedance  as  >/  m  (/»/<)*'*. 
The  rndialion  field  pattern  is  (lieu  a  plot  of  /f/Tjt,  or  RE#'.  As  it  approaches  infinity,  the 
phase  relation  used  in  (1*1}  is  exact. 

The  time  domain  fields  may  be  obtained  from  the  inverse  Fourier  transform,  i.e., 

m  -  i  r  zww*  (»9) 

*"  J-oa 

To  transform  these  into  the  time  domain  sve  will  use  the  lime  shifting  and  time  differenti¬ 
ation  properties: 


for  /(I)  ~  F( u>)  «*»  /(( -  t0)  ~  F(u)c“,u>t 

and  for  /(<)  — •  F( w)  <=»  ~  —  (j'u)F(u?) 

at 

The  time  domain  fields  from  the  electric  sources  can  be  written  as: 

=  -  K' ii(cos$  cot  $Sjt  +  cos0sin^S}r  -sin&Sj,) 
£/*(<>  R)  =  K'l‘[sin  4S'Jx  -  cos  $Sjy) 

A..  _  J_ 

"  ‘UR 

!■]  1 

5i,=E4«i)p? 

I*]  *' 

i-l  ' 


In  these  field  expressions  the  retarded  time  is: 


c  e 


(20) 

(21) 

(22) 

(23) 

(21) 

(25) 

(20) 

(27) 

(28) 
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The  field*  for  magnetic  sources  are  found  by  duality. 

II.  VALIDATION 

We  selected  a  problem  involving  two  infinitesimal  dipole*  radiating  in  free  space  for 
our  validations.  The  geometry  is  shown  in  Figure  1.  The  driving  function  and  its  Fourier 
transform  ate  shown  in  Figure*  2  and  3.  We  generally  considered  result*  at  1.0  (illz  near 
the  peak  of  the  frequency  spectrum. 

We  u»**d  four  combination*  of  codes  in  our  tests:  TSAR* FAR.  X NEAR- FAR.  JOU. 
and  NEC.  TSAR  is  a  l.LNL  developed  FDTl)  code.  XNEAR  i*  a  code  which  calculate* 
the  exact  output  of  two  infinitesimal  dipoles  and  output*  the  results  in  the  same  format 
as  TSAR.  JO!)  is  a  derivative  of  XNEAR  which  calculates  the  exact  field  at  point*  on 
tite  specified  equivalent  current  simulation  surface.  NEC  is  the  LENT,  developed  N inner* 
ical  Electromagnet  its  Code.  The  XNEAR-FAR  comparison  with  NEC  yields  the  error* 
due  solely  to  FAR.  The  TSAR*FAR  comparison  with  NEC  yield*  the  overall  error.  In 
computing  the  error*  we  made  frequency  plot*  of  £#  in  two  planes:  the  horixonal  plane 
(0  =  90;  -30  <  6  <  90}  and  the  vertical  plane  (6  =  0; 0  <  $  <  180).  The  error  was  then 
the  maximum  difference  between  the  NEC  and  FAR  plots.  Figures  >1  and  5  show  a  com* 
parison  between  the  TSAR-FAR  and  NEC  predicted  patterns  at  l.OGIIz  in  the  horixonal 
and  the  vertical  planes  respectively  when  the  dipoles  arc  driven  with  the  pulse  shown  in 
Fig.  2  and  both  a  “10  cell*  and  20  cells  per  wavelength'1  discretization  i*  used  in  TSARS. 

Here  we  report  on  four  type*  of  error*  «c  have  uncovered  and  studied.  We  term  these 
errors:  discrete  Fourier  transform  (DFT)  errors,  averaging  errors,  grid  size  error*,  and 
frequency  errors. 

(1)  Discrete  Fourier  Transform  Errors 

The  FAR  code  has  a  subroutine  which  takes  the  DFT  of  the  time  domain  TSAR  (or 
XNEAR)  output  and  then  projects  the  DFT  to  the  fur-field.  There  are  three  types  of  errors 
inherit  with  the  numerical  DFT  subroutines:  aliasing,  leakage,  and  picket-fence  |2),j3j. 

Aliasing  is  caused  by  the  sampling  rate.  It  occurs  when  the  high  frequency  components 
of  the  time  signal  impersonate  a  low  frequency  component.  Since  the  time  record  is  finite, 
the  frequency  transform  will  be  infinite  and  there  is  no  absolute  cure  for  the  error.  The 
best  that  can  he  done  is  to  design  the  excitation  pulse  as  one  which  has  most  of  the  energy 
near  the  frequency  of  interest  and  to  use  a  sampling  frequency  which  is  much  higher. 

Both  leakage  and  the  picket-fence  errors  are  caused  by  using  a  time  signal  of  finite 
duration.  This  is  equivalent  to  multiplying  (in  the  time  domain)  an  infinite  duration  time 
signal  by  a  window  of  amplitude  one  with  the  same  duration  as  that  of  the  time  signal. 
In  the  frequency  domain  this  is  equivalent  to  a  convolution  of  the  time  signal’s  Fourier 
transform  and  the  “sin  x/x"  Fourier  transform  of  the  window.  The  result  is  that  each 
discrete  frequency  impulse  of  the  time  signal  is  replaced  with  the  “sin  x/x"  function  and 
all  “sin  x/x"  functions  summed. 

Leakage  refers  to  the  error  caused  by  the  summation  of  the  trailing  ends  of  the  “sin  x/x" 
functions.  If  there  is  a  DC  component  to  the  time  signal  this  error  is  exacerbated  because 
the  discontinuity  of  the  signal  at  the  record  end  will  produce  many  more  frequency  points 
with  each  point  convolved  with  the  “sin  x/x"  functions.  The  method  of  mitigation  for 
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leakage  errors  is  to  multiply  the  time  hiitory  by  a  window  other  than  the  rectangular 
window  or  to  use  *  transit  pulse  (one  which  begin*  and  ends  at  zero). 

The  picket-fence  error  is  caused  when  the  frequency  of  imereti  is  not  an  exact  multiple 
of  the  sampling  frequency,  (Here  the  series  of  “liitx/c"  functions  act  as  filters  in  the 
frequency  domain  giving  a  picket-fence  effect.)  There  arc  two  cures  which  mitigate  this 
effect.  The  first  is  to  take  the  DFT  at  multiple#  of  the  sampling  frequency  and  then  to 
perform  complex  interpolation.  The  other  is  to  "zero-pack"  the  lime  tienal  (i.e.,  add  a 
lame  number  of  zero  points  to  the  time  signal  which  creates  a  much  longer  lime  signal). 
The  effect  of  zero-packing  is  to  spread  out  the  frequency  components. 

To  mitigate  the  effects  of  aliasing,  we  use  a  pulse  which  has  most  of  its  energy  at  and 
below  l.OGiU  and  has  continuous  derivatives.  One  such  pulse  is  termed  the  Z-pulse 4‘. 
The  equations  describing  this  pulse  for  a  period, from  zero  to  one  arc: 

/(«)« 32x,--IS*4  for  0  «  »  *  0.5  (29) 

/(*)  b  32(1  -  x)1  -  ISt  I  -  x)4  for  0<x«0.5  (30) 

Although  this  pulse  is  good  with  reference  to  aliasing,  it  still  has  a  poor  characteristic  with 
reference  to  leakage.  In  the  near-field,  the  dipole  is  a  sum  of  three  terms,  each  proportional 
to  the  original  excitation  pulse,  its  derivative,  and  its  integral.  As  is  seen  the  integral  term 
of  the  Z-pulsc  would  have  a  DC  term  and  thus  a  leakage  problem.  In  order  to  mitigate 
the  leakage  effect,  we  have  found  that  either  a  Half  Hamming  window  or  a  Half  Blackman 
window  will  give  good  results.  The  equations  for  these  windows  are: 


irw(x)  =  0.M  -  0.56  cos  (-ffi-jy-)  (31) 

H'fl{*) «  (M2  -  0.6 cos  (jjfzr)  +0-08  cos  (32) 

where  M  =  the  pulse  length  and  the  range  is  M/2  <  x  <  A/. 

A  better  pulse  (i.e.,  a  transit  pulse), 'with  all  the  good  characteristics  of  the  Z-pulse  is 
its  derivative  termed  the  DZ-pulse,  It  is  described  by  the  equations: 

/(x)  =  9Cr3  -  l92xJ  for  0<x<0.5  (33) 

/(x)  ts  -9C(1  - x)3  -f  192{l  -  x)3  for  0<x<0.5  (31) 


Figures  2  and  3  show  this  pulse  for  a  time  of5.0e-ll  sec.  and  a  period  ofl20.0c-ll  sec.  It 
can  be  seen  that  most  of  the  energy  is  below  2.0e9  Hz.  and  it  has  continuous  derivatives. 

We  have  found  that  a  good  choice  of  the  excitation  pulse  will  produce  minimum  aliasing 
and  leakage  errors.  To  account  for  the  picket-fence  error  we  have  found  that  zero-packing 
to  an  order  12  yields  results  as  good  as  any  higher  packing.  (By  zero-packing  to  an  order 
12  we  mean  to  increase  the  time  record  by  2,J  zeros.  It  should  be  pointed  out  that  the  time 
records  are  not  actually  increased  by  this  amount,  but  with  the  proper  choice  of  sampling 
frequency  in  the  DFT  subroutine,  the  DFT  appears  to  add  this  order  of  zeros.) 

(2)  Averaging  Errors 

Another  source  of  error  is  due  to  the  staggered  grid  used  in  the  FDTD  calculations. 
The  magnetic  and  electric  fields  are  not  recorded  at  the  same  spatial  point  in  the  FDTD 
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code*.  We  have  chosen  the  measurement  surface  such  that  the  the  electric  field  calculation 
points  exactly  lie  on  it.  Since  the  offsets  for  the  magnetic  fields  are  at  half  points  on  the 
grid  cell,  two  sets  of  the  magnetic  field  are  computed,  and  then  averaged  to  determine  the 
magnetic  field  values  on  the  measurement  surface.  This  averaging  process  introduces  an 
additional  error. 

To  investigate  the  magnitude  of  the  error  introduced  hy  this  averaging  two  codes  were 
used:  XNEAR  which  calculates  the  magnetic  fields  at  the  half  points  (the  same  points  as 
TSAlO  and  JOB.  The  other  variables  were  set  as  follows: 

(1)  Frequency,  f  »  1.0G!!?. 

(2)  Grid  sixe.  !)x  s*  A  1(1 

(3}  Time  sampling  sixe.  I)t  »  5.0  c-11  sec. 

(•I)  Time  record  length.  XTQT  »  201 

(5)  Zero  packing  order,  1STEP  x  3 

(0)  Pulse  k  Z-Pulsc 

(?)  Window  ■  Half  Hamming 

Figure  0  shows  the  averaged  (XNEAR)  am!  exact  (JOB)  time  records  of  the  magnetic  field 
Hy  at  the  center  of  the  front  face  of  the  measurement  surface.  The  maximum  percent  error 
between  these  two  curves  is  3.53%.  There  arc  25-18  measurement  points  for  the  magnetic 
field  over  the  six  surfaces  of  this  problem.  When  the  horizonal  pattern  plot  is  compared 
with  NF,C  the  resulting  errors  are: 

XNEAR  error  =  2.5793  % 

JOB  error  =  0.CM7  % 

Thus,  magnetic  field  averaging  introduces  an  additional  5 .85-17%  error  in  the  far*ficld 
electric  field  patterns. 

(3)  Grid  Sixe  Errors 

The  grid  size  {Ds)  is  set  in  the  FDTO  code.  In  addition  to  wavelength  sampling 
criterion!,  practical  considerations  such  as  the  sixe  of  computer  memory  and  near-field 
detail  dictate  the  grid  size.  With  decreasing  grid  size,  more  surface  values  of  E  and  //  arc 
output  and,  from  an  information  view,  the  more,  accurate  the  results  of  FAR  will  be.  The 
objective  of  this  part  of  our  study  -aix  to  quantify  this  effect. 

We  used  the  JOB  code  to  investigate  this  error.  This  precluded  FDTD  or  averaging  er¬ 
rors  and  allowed  us  to  concentrate  on  the  grid  size  errors.  In  addition  this  choice  prcmitled 
cost  efficient  code  runs  with  grid  sizes  from  A/C  to  A/20  to  be  made. 

When  executing  a  FDTD  code,  the  Courant  condition  sets  a  limit  on  the  time  sampling 
size  {Dt).  Therefore,  as  we  varied  Dx  we  correspond!)'  varied  Dt  by  the  relation  Dt  = 
Dx/c  (where  c  is  the  velocity  of  light).  Table  1  indicates  the  error  associated  with  these 
variations.  It  is  seen  that  major  improvements  occur  with  decreasing  the  grid  sixe  until 
A/10  at  which  the  rate  of  improvement  decreases. 
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Dx 

Dt 

Final  Error 

A/6 

5.333333c- 11 

1.760 

A/S 

G.250000e-).l 

0.919 

A/10 

5.000000c- 11 

0.591 

A/12 

4.1C6G07c-ll 

0.402 

A/10 

3.125000c- 11 

0.247 

A  20 

2.500000c  11 

0.159 

TABLE  1. 


Error  Variation  with  respect  to  Dr 

We  alto  made  cork  run*  with  variations  of  Dt  while  holding  Dr  iron  Haul  to  test  the 
error  effect*  of  1)1  variations.  Throughout  the  Dr  range  of  A, '6  to  A  >20  «r  found  negligible 
error. 

(•I)  Frequency  Errors 

The  lait  type  of  error  wc  report  on  is  the  effect  of  varying  the  frequency  while  holding 
the  geometry  shown  in  Fig.  J  fixed.  Figures  T  and  S  show  horizonn!  plane  plots  at 
frequencies  of  0.5GHz  and  1.5GHz  of  TSAR- FAR  and  NEC.  Wc  made  code  runs  at  every 
O.lGliz  over  this  range  at  grid  sizes  of  A/10  and  A/20.  In  these  code  runs  wc  have  found 
maximum  errors  from  1.0%  up  to  20.0%  when  comparing  the  electric  field  pattern  plots 
with  NEC.  (The  average  errors  arc  on  the  order  of  up  to  5.0%.)  Figure  9  shows  these 
pattern  plot  maximum  errors  as  a  function  of  frequency  for  XNEAR  (which  produces  the 
exact  dipole  fields  at  the  measurement  surfaces)  and  TSAR- FAR  (with  a  grid  size  of  A/20). 
With  reference  to  the  pattern  plots  shown  in  Figures  4V  7,  and  S  it  can  be  seen  that  these 
maximum  errors  occur  at  the  nulls  and  peaks  of  the  pattern  near  the  endfire  directions. 

At  this  point  wc  do  not  understand  completely  the  causes  of  these  errors.  Wc  do 
believe  that  a  major  factor  of  the  error  is  associated  with  the  sampling  of  the  surface 
currents.  That  is,  at  lower  frequencies  (aud  longer  wavelengths)  our  sampling  density  over 
the  surface  is  greater,  i.c.,  there  are  more  samples  per  square  wavelength.  In  contrast,  at 
higher  frequencies  the  sampling  density  decreases.  Figure  10  shows  a  comparison  of  the 
sampling  density  (normalized  to  the  error  at  1.0GHz)  and  the  XNEAR-FAR  error  over  the 
range  of  frequencies.  As  can  be  seen  the  general  trend  of  the  curves  support  our  contention. 
The  fine  structure  remains  to  be  investigated. 

III.  CONCLUSIONS 

A  limitation  of  FDTD  codes  has  been  the  inability  to  model  radiation  and  scattering 
effects  of  systems  at  distances  far  from  their  sources.  At  LLNL  we  have  developed  the 
code  FAR  which ,_using  the  equivalence  principle,  projects  the  computational  surface  time- 
domain  E  and  fi  fields  from  a  FDTD  code  to  the  far-field.  The  code  output  may  be  in 
either  the  frequency  or  time  domain.  This  paper  has  described  that  code  and  its  vab’dation. 

The  major  errors  associated  with  tills  near-to-far-field  procedure  were  identified  and 
discussed.  As  noted  above,  we  have  tried  to  quantify  these  errors  thoroughly.  We  grouped 
the  errors  as  DFT,  averaging,  grid  size,  and  frequency  errors. 
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The  aliasing,  leakage,  ami  picked* fence  errors  arc  always  present  whenever  a  DFT  is 
used:  thus,  they  arc  absent  whenever  time  domain  results  are  desired.  The  aliasing  error 
may  be  mitigated  with  the  proper  choice  of  input  pulse.  We  have  found  that  the  7.  and 
DZ'putsc*  reduce  aliasing  to  a  negligible  died.  Because  the  7.*unlic,  when  used  as  a  dipole 
excitation,  produce*  a  DC  term,  window*  must  be  used  »o  mitigate  the  leakage  cifcel.  We 
have  found  the  Half  Hamming  and  Half  Blackman  window*  to  hr  adequate  in  these  ease*. 
The  picked-fence  error  i*  neeiigiltlc  wlien  "zero-packing-  to  the  12*th  order  i*  used.  The 
averaging  error!*  caused  when  the  II  field  it  averaged  to  make  it  coincident  with  the  electric 
field  values  on  the  measurement  surfaces.  This  error  will  aceonm  for  approximately  2"i  of 
the  total  error.  The  grid  size  is  set  by  the  FDTlJ  rode  parameter*.  The  range  of  error  is 
front  slightly  less  than  O.Hi*\  to  2.0T.  Although  smaller  grid  sizes  are  desirable,  we  have 
found  that  a  A  1U  choice  is  a  good  one.  Here.  A  corresponds  to  (lie  frequency  of  interest. 
This  choice  is  also  appropiatc  when  considering  the  KDTD  parameters,  Although  we  have 
not  completed  our  investigation  of  frequency  errors,  we  have  found  the  error  proportional 
to  the  surface  sampling  density  (measurement  point*  ,  square  wavelength*).  Choosing 
a  grid  size  of  A/ 10  will  produce  good  results  (approximately  5%  error*).  The  error  i* 
reduced  at  lower  frequencies.  It  appear*  that  when  higher  frequency  results  are  required, 
the  problem  should  be  run  with  a  grid  spacing  account  for  this  fact. 
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FIGUR.E  CAPTIONS 

Figure  1.  Geometry  for  the  two  pulsed  dipole  problem  (  Frequency  =  1.0GHz,  A  = 
0.2997925m). 

Figure  2.  The  input  excitation  pulse  that  drivel  each  dipole.  (Time  Domain) 

Figure  3.  The  Fourier  transform  of  the  input  dipole  excitation  pulse.  (Frequency 
Domain) 

Figure  4.  The  horizontal  pattern  plot  for  6  =  90,  and  -90  <  <}>  <  90  predicted  at 
l.OGllz  by  N5C{—),  TSAR-FAR  A/20  (*  -  -),  and  TSAR-FAR  A/10  (*•■). 

Figure  5.  The  vertical  pattern  plot  for  ^  =  0,  and  0  <  8  <  180  predicted  at  l.OGHz 
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by  NEC ( — «},  TSAR* FAR  A/20  (-  -  -),  and  TSAR-FAR  A/10  (•••)• 

Figure  6.  The  time  record  of  the  magnetic  field  for  JOBfctact)  (•— )  and  XNEARfo  rcraye/ 
(•  •  •)  *t  a  meaiuremenl  point  on  the  front  face. 

Figure  7.  The  horitonid  pattern  plot  for  6  a  00,  and  -00  <  ^  <  00  predicted  at 
0.5GHz  by  AWCf— },  TSAR-FAR  A/20  (•  •  •),  and  TSAR-FAR  A/10  (•••). 

Figure  S.  The  hotizonal  pattern  plot  for  $  »  00,  and  -00  <  6  <  00  predicted  at 
1.5GHz  by  A'ECf— ),  TSAR-FAR  A/20  (•  •  •).  and  TSAR-FAR  A/10  {.••). 

Figure  0.  The  maximum  pattern  plot  error  for  XNEAR  (— )  and  TSAR- FAR  A/20  (• 

•  •}  a*  a  function  of  frequency. 

Figure  10.  A  companion  of  the  AW  EAR  {— ~)  maximum  pattern  plot  error  and  the 
NORMALIZED  SAMPLING  DENSITY (•  * 
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Theta:  NEC  &  TSAR- FAR  fi 0=90;freq=0.$CUz ) 


MAXIMUM  PLOT  ERROR  VS.  FREQUENCY 
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